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Ethanol is a major biofuel source of energy in the U.S. Ethanol production produces several 
harmful emissions from both fermentation tanks and dryers. CO2 scrubbers control the emissions from the 
fermentation tanks, while the emissions from the dryers are controller by regenerative thermal oxidizers. 
These methods are expensive to operate. A potential alternative is bio-trickling filters. Bio-trickling filters 
are an inexpensive and environmentally friendly alternative. For this study, two parallel bio-trickling filters 
were operated one at 25°C called the mesophilic bio-trickling filter and one at 60°C called the thermophilic 
bio-trickling filter. The mesophilic bio-trickling filter simulates emissions from fermentation tanks while 
the thermophilic bio-trickling filter simulates emissions from dryers. The two beds were operated at an 
empty bed residence time of 31.3s.  The beds were operated at three phases where phase I, II, and III 
correspond to influent formaldehyde concentrations of 20, 50, and 100 parts per million per volume, 
respectively.  No maximum elimination capacity was established for this study; however, the highest 
recorded elimination capacity was 60 g m-3 h-1 for the mesophilic and 41.9 g m-3 h-1 for the thermophilic 
bio-trickling filters, respectively. Formaldehyde polymerization was also reduced in this study by adding 
NaOH to pH levels of 7.0-7.4 and heating the solution to a temperature of 60°C. Methanol biodegradation 
was also investigated in this study. The highest elimination capacities for methanol for both mesophilic and 
thermophilic BTFs are 13.0 and 11.3 g m-3 h-1. Acetaldehyde biodegradation in a BTF was compared 
between three different temperature of 20, 40, and 60°C at a loading rate of 45.3 g m-3 h-1. The BTF at 40°C 
performed better reaching an elimination capacity of 44.2 g m-3 h-1. Finally, a calibration curve for the 
dervatization and quantification of formaldehyde was successfully established up to a concentration of 10 
ppmv.  
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CHAPTER 1:  INTRODUCTION  
	  
The world’s increasing population has increased the demand for energy. Energy resources can be 
from renewable or non-renewable resources. Renewable energy comes from natural resources that 
are constantly replenished (Shin, 2018). Sources of renewable energy include wind power, solar 
energy, and biomass energy.  Renewable energy provides several advantages. One advantage is 
that the energy produced from renewable energy produces no greenhouse gas emissions and it 
reduces some types of air pollutants emissions (US EPA, 2019). In addition, it diversifies energy 
resources and reduces the dependence on imported fuels (US EPA, 2019).  
 
A limitation for the use of renewable energy resources is the capital cost (Union of Concerned 
Scientists, 2017). Although, maintaining of some of the renewable plants is fairly inexpensive, 
however it costs a lot to build the technologies. For example, installing a solar system would 
require around $2,000 per kilowatt for large systems and $3,700 per kilowatt for residential 
systems (Union of Concerned Scientists, 2017). Another limitation is siting these projects. Some 
renewable technologies require a large land area per unit of energy than some fossil fuels require  
(Union of Concerned Scientists, 2017). 
 
Non-renewable energy comes from sources that cannot be replenished in a short period of time 
(Denchak, 2018). Non-renewable energy sources include fossil fuels such as: oil, natural gas, and 
coal. Non-renewable sources are abundant and affordable which makes perfect for human usage in 
powering machines. Furthermore, non-renewable energy sources are cost-effective which makes 
them widely used in the world. Fossil fuels accounted for about 80% of the U.S energy production 
in 2019 (U.S. Energy Information Administration, 2020). Crude oil reserves in the U.S in 2018 
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were estimated at 43.8 billion barrels, in which it increased from 2017 by 11.9% (U.S. Energy 
Information Administration, 2019a). For natural gas the reserves in 2018 were 504.5 trillion cubic 
feet, in which it increased from 2017 by 8.7% (U.S. Energy Information Administration, 2019a). 
 
A major disadvantage of fossil fuels is the limited amount available in the world. It is estimated 
With the current consumption rate it is expected that oil, coal, and natural gas will run out in 25, 
97, and 27 years respectively if no other sources found (Shafiee and Topal, 2009). Additionally, 
land degradation could occur from the excavation and mining for fossil fuels (Denchak, 2018). 
Furthermore, fossil fuels are a big contributor to global warming and the emissions of air pollutants 
(Denchak, 2018). It was estimated in 2014 that around 74% of the U.S global warming was 
attributed to fossil fuels (Union of Concerned Scientists, 2016). The burning of fossil fuels could 
emit compounds such as, carbon monoxide, sulfur dioxide, and nitrogen oxide, which all contribute 
to human health problems and global warming (Denchak, 2018).  
 
According to the U.S Energy Information Administration, the U.S depends on many sources for the 
production and consumption of energy. From the total energy consumption in the U.S in 2019, oil 
accounts to about 37%, natural gas accounts to about 32%, renewable energy accounts to about 
11%, coal accounts to about 11 %, and nuclear energy accounts to about 8% of the total energy 
consumed in the U.S (U.S. Energy Information Administration, 2020).  
 
It can be concluded from the energy consumption in the U.S the major dependence on fossil fuels 
(U.S. Energy Information Administration, 2020). Renewable energy is used at a lower percentage 
of 11% in which 20% of that comes from the consumption of biofuels (U.S. Energy Information 
Administration, 2020). To help mitigate the dependence on fossil fuels, the United States Congress 
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passed a law in 2007 that mandates production of renewable biofuels to reach 36 billion gallons by 
2022 (U.S. Congress, 2007). According to the United States Congress, Around 15 billion of the 36 
billion gallons should be derived from cellulosic feedstock (U.S. Congress, 2007). A biofuel source 
that is widely produced and used in the U.S is ethanol. According to the Renewable Fuel 
Association (RFA), it was estimated that the production of ethanol in 2019 was 15.8 billion gallons 
(Renewable Fuels association, 2019).  
 
Ethanol is an important source of biofuel in the U.S, however in the manufacturing process of 
ethanol several hazardous air pollutants (HAPs) are emitted. Some of these HAPs include 
acetaldehyde, formaldehyde, acrolein, and methanol (Brady and Pratt, 2012). To control the HAPs 
emissions from ethanol plants, the EPA has identified the best available control technologies 
(BACT) (US Environmental Protection Agency, 2016). BACTs are pollution control methods used 
to prevent air pollution or installing air pollution control equipment (USEPA, 2016a). BACTs used 
to control emissions from ethanol plants are regenerative thermal oxidizers (RTOs) and CO2 
scrubbers. The CO2 scrubbers and RTOs are expensive to operate due to the amount of water used 
for the operation of the CO2 scrubbers and the natural gas (non-renewable energy source) 
consumption in the RTOs. An appealing alternative for the use of CO2 scrubbers and RTOs is bio-
trickling filters (BTFs). This thesis will investigate the capability and limitations in using BTFs in 
the treatment of formaldehyde, which is a HAP emitted from ethanol plants.  
   
To better help understand the ethanol production process, Section 1.1 of this chapter will explain 
the ethanol production and the steps it goes through. Section 1.2 will introduce the harmful 
emissions produced by ethanol manufacturing and explain the traditional methods used by ethanol 
facilities to treat and regulate the emissions. Section 1.3 serves as a comparison between the 
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traditional methods to treat ethanol emission and BTFs. Section 1.4 will mention several other 
methods found in the literature used to treat formaldehyde emissions. Section 1.5 explains the goals 
and objectives of the research project. Finally, Section 1.6 serves as a guideline to the organization 
of this thesis.   
 
	  
1.1 Manufacturing of Ethanol 
 
This section will serve as a guide to better understand the processes and the ethanol manufacturing 
key steps. To start with, ethanol is produced either by a dry milling process or a wet milling 
process. In dry milling, the whole corn kernel is grinded and then it is mixed with water and 
enzymes to be cooked and liquefied further (Saville et al., 2016). The dry mill process yields 
ethanol, CO2, and dried distillers grains with solubles (DDGS) (Rajagopalan et al., 2005).  In wet 
milling, the corn enters a steeping process where the kernel is separated from its components.	  The 
steeping process occurs in a dilute sulfur dioxide solution where it is kept between 30-50 h at 120-
130 °F	  (Rajagopalan et al., 2005).	  The wet-milling process typically yields corn oil, germ meal, 
gluten meal, gluten feed, condensed fermented extractives, starch, and/or ethanol (Rajagopalan et 
al., 2005). The wet milling process does not produce DDGS (Saville et al., 2016). The dry milling 
process is the most widely used process due to its simplicity and low cost (Rajagopalan et al., 2005; 
Saville et al., 2016).  
 
For the purposes of this thesis a brief dry milling process will be discussed (Saville et al., 2016).  
Figure 1.1 illustrates the corn to ethanol dry milling in a typical ethanol plant. First, the corn is 
grind to a consistency similar to corn meal. After that, water and enzymes are added to the corn 
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meal in a liquefaction and saccharification process. A mash is created then it is sent to the 
fermentation tanks where yeast is added (Saville et al., 2016).  
 
Figure 1.1: Process flow diagram of a dry mill corn-to-ethanol process. Dashed lines represent gas 
streams and solid lines represent liquid streams (Duerschner, 2019). 
 
 
Due to the sensitivity of the process, the fermentation tanks are usually kept at 32 °C to ensure 
yeast efficiency. The fermentation process lasts between 40-55 hrs. The yield from the 
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fermentation process is about 16 to 17% by volume alcohol (Saville et al., 2016). Carbon dioxide is 
also a byproduct of fermentation and it is sent to the CO2 scrubber. The mixture is then sent to the 
distillation column where it is separated. The distillation process separates alcohol from water by 
using the lower boiling point of alcohol of 81 °C (Saville et al., 2016). The gas rises to the top 
column and then condenses the alcohol into a liquid. The liquid is usually sent into other 
distillation columns to further separate the alcohol from water. The resulting product is about 95% 
alcohol (Saville et al., 2016). The produced alcohol from distillation is then sent to molecular 
sieves. The molecular sieves are filled with BB-size (0.18 inch in diameter) zeolite balls. The balls 
contain holes are of size big enough for water molecules to pass through but larger alcohol 
molecules cannot go through.  Pressure and heat are used to force the water into the holes. The 
bottom product from the distillation column is called whole stillage. The whole stillage is then sent 
to a centrifuge where it is separated into a solid and a liquid fraction (Saville et al., 2016). The solid 
fraction is called wet distillers grain (WDG) and the liquid fraction is called thin stillage. The thin 
stillage contains moisture content between 90-95% (Belyea et al., 2004). The WDG goes through 
further drying to produce DDGS, which is usually sold as a feed for cattle since it contains a high 
nutritious value.  
 
1.2 Traditional Methods for Air Pollution Control  
 
In this section, the air emissions from the ethanol plants and their regulations will be discussed. 
Additionally, this section provides information of the operation of the traditional methods to treat 
the emissions from ethanol plants. It will also include the limitations, and cost of operation of these 
traditional methods.   
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Volatile organic compounds (VOCs) are carbon-containing molecules that are characterized by 
their high volatility, low vapor pressure (≥0.01kPa at 20°C), and low water solubility (Pennerman 
et al., 2012). Several VOCs are emitted from processes in the corn-to-ethanol manufacturing. 
Brady and Pratt (2012) identified several VOCs emitted from ethanol plants, which include 
acetaldehyde, acrolein, formaldehyde, methanol, ethanol, and acetic acid.  
 
The US Environmental Protection Agency (EPA) lists 187 pollutants as HAPs (USEPA, 2017a). 
Acetaldehyde, formaldehyde, acrolein, and methanol are included in this list. The United States 
EPA limits the emissions for an entire ethanol plant to 10 tons per year (tpy) for an individual HAP 
and 25 tpy for the total HAPs (USEPA, 2017d). If the threshold is to be exceeded, the ethanol plant 
will be subject to more strict regulations applied by the National Emission Standards for Hazardous 
Air Pollutants (NESHAP). The ethanol plants try to avoid the extra cost resulting from the 
compliance with these regulations by avoiding exceeding the threshold established by the USEPA.  
 
The VOCs of interest are emitted from the fermentation and the drying processes. The dashed lines 
after the fermentation and drying processes illustrated in Figure 1.1 previously show where in the 
diagram VOCs are emitted. The waste gases from the fermentation process are emitted at a 
temperature lower than 35 °C. The exhaust gases from the drying process are usually emitted in a 
range of temperature between 100 to 140 °C. The exhaust gases from the drying process are then 
passed through a cyclone that cools the gases to a temperature range of 40 to 55 °C (Chen et al., 
2010).  
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To control the VOC emissions from ethanol plants the EPA have identified the best available 
control technologies (BACT) (USEPA, 2016a). The traditional technologies used to control 
emissions from ethanol plants are regenerative thermal oxidizers (RTOs) and CO2 scrubbers.  
 
 RTOs are incarcerators that oxidize the VOCs and break them down into CO2 and water vapor    
(Amelio and Morrone, 2007). The process starts by first delivering the contaminated air to the RTO 
using a high-pressure supply fan. The air travels through the ducts until it arrives to the first heat 
exchanger media (usually ceramic) where heat is absorbed by the air (Amelio and Morrone, 2007). 
The preheated air further travels to the combustion chamber where it is kept at elevated 
temperature range of 871 to 926 °C to destroy the VOCs (Amelio and Morrone, 2007). The clean 
air then travels through a second heat exchanger where the heat is absorbed by the ceramic media. 
The cool air then is vented to the atmosphere. Although RTOs are efficient in destroying the 
VOCs, they are really costly to operate and maintain.  
 
In a personal communication with an ethanol plant director (Lyndon J., 2019), it was highlighted 
that the RTOs maintenance cost around $1 million per year. Natural gas is combusted to heat the 
RTO. An average size for an RTO is approximately 18 MMBtu/hr (Nester, 2007). This RTO will 
burn about 155 million standard cubic feet (SCF) of natural gas per year. To give an estimate of the 
cost of natural gas per year a conservative price of $4.00 per 1,000 SCF is used, which will result 
in a cost of over $600,000 per year to operate the RTO (U.S. Energy Information Administration, 
2019b).  
 
Another setback of using RTOs is the greenhouse gas (GHG) emission. Decreasing the GHG is 
very crucial in order to receive low carbon fuel standard (LCFS) credit. The LCFS program was 
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created by the state of California in order to reduce GHG emission and obtain cleaner energy 
(Greene, 2019). An important parameter calculated to receive the LCFS credit is the carbon 
intensity (CI) score. The CI score corresponds to the grams of CO2 emitted per mega joule of 
energy (gCO2e/MJ). The LCFS program requires fuel companies to achieve the CI targets by 
producing lower CI fuel or purchasing credits from lower CI fuel that is sold in the market. The 
price on the market per LCFS credit is $198/ton (Greene, 2019).  
 
The CO2 scrubbers are another traditional method used to control the emissions from ethanol 
plants. The gas stream coming out of the fermentation process (dashed lines on figure 1.1) contains 
CO2, ethanol, and VOCs. The scrubber packed beds absorbs the CO2 and the VOCs into the liquid 
layer resulting in a cleaner air (Gabriel and Deshusses, 2003). In addition, the scrubbers recover the 
ethanol vapors and send it to the distillation column in a liquid form. Scrubbers require around 
29,000 gallons per day for their operation. This amount is really high and can be costly. 
Furthermore, sodium bisulfate is a chemical that is added to the scrubbers for their operation.	  
Sodium bisulfite is added to scrubbers to increase the aqueous stability of aldehydes by formation 
of bisulfite adducts (Duerschner, 2019). It is estimated that converting a scrubber with a BTF 
would save around $10,000-$50,000 per year of chemicals and electricity costs (Gabriel and 
Deshusses, 2003).    
 
The ethanol plants try to minimize the water usage to avoid the amount of costs resulting from the 
amount of water consumed during operation (Duerschner, 2019). Most ethanol plants operate under 
a ‘zero water waste’ model to mitigate this issue. From Figure 1.1 it is shown that fresh water is 
added in the liquefaction unit process and to the CO2 scrubbers. Water is recycled throughout the 
ethanol manufacturing process to minimize the water usage. An amount of the thin stillage and the 
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condensed water vapor from evaporation of the thin stillage are both recycled to minimize water 
consumption (Duerschner, 2019). 
 
A test was performed at the Pacific Ethanol East plant in Aurora, NE to quantify emissions from 
the plants. The test was performed in 2006. Table 1.1 lists the results obtained from the plants.  
  
Table 1.1 Gaseous HAP streams at Pacific Ethanol Plant East Plant in 2006 (Duerschner, 2019). 
  Pre-Fermenter Scrubber CO2 
Scrubber 
Dryer RTO 
Stack Volumetric Flowrate, ASFM 1,144 1,390 60,074 
VOC, ppmv 5,397 7,565 305.4 
Ethanol, ppmv 11,548 15,321 - 
Acetaldehyde, ppmv 35.7 25.2 - 
 
 
It can be noticed from the table that the gaseous stream coming out of the fermenter and going to 
the CO2 scrubber contains ethanol. So, the scrubber is needed to capture the ethanol and recycle it 
to the process. The gaseous stream coming out of the dryer and going to the RTO does not contain 
ethanol. Therefore, the waste gases coming out of the dryer get treated with the RTO since it is 
already at elevated temperatures.   
 
During a field visit to the Midwest Renewable Energy (MRE) ethanol plant several observations 
were made regarding the operation of the plant and the emissions of VOCs. It has come to our 
attention that the ethanol plants go through periods of shutdowns. During these periods no ethanol 
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is produced for a period of time that could last for weeks or months. Since there is no ethanol 
produced, no VOCs are expected to be emitted during the shutdown periods.  
 
Another observation to note was the variations of the flow of VOC emissions and their 
concentrations from both fermentation tanks and driers. The MRE ethanol plant implemented 
continuous emission monitoring system (CEMS) to monitor the concentrations of VOCs at the 
plant. CEMS is the total equipment that is necessary to determine the emissions rate and 
concentration using a gas analyzer (USEPA, 2016b). Data obtained from emissions at the MRE 
ethanol plant indicate a variation of concentrations of the VOCs emitted after fermentation process. 
Some of the VOCs identified include acetaldehyde and formaldehyde. In certain periods spikes of 
the concentrations of the VOCs were noticed, indicating that the concentrations are not constant at 
one concentration.  
	  
	  
1.3 Potential for Biological Treatment at Ethanol Plant Facility 
 
This section will serve as a comparison between the existing technologies to treat the emissions 
from ethanol plants and the potential of replacing them with BTFs. This section will provide an 
introduction to BTFs and its limitations. It will also include how BTFs could be implemented at 
ethanol plants.  
 
The existing technologies to treat HAPs (RTOs and CO2 scrubbers) have high operating costs. 
Replacing the two methods or reducing their operating capacity would enable the ethanol plants to 
make considerable savings on their costs. Bio-trickling filters (BTFs) are an attractive solution to 
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replace the RTOs and the CO2 scrubbers in the treatment of VOCs emitted from ethanol plants. 
BTFs are packed beds where the packing is a biologically active material or an inert material used 
for biofilm to attach on (Crocker and Schnelle, 1998; Delhoménie and Heitz, 2005; Gabriel and 
Deshusses, 2003; Duerschner, 2019). The microorganisms in the BTF bed are aerobic. As the 
contaminants move through the BTF, the contaminants absorb on the aqueous layer and are 
biodegraded in the biofilm layer. To ensure microbial growth, a trickling liquid with nutrients and 
minerals is used along the bed. In addition, the trickling liquid is used to avoid accumulation of 
high biomass concentrations by shearing it off the media.  
 
BTFs can reduce the water consumption used by the scrubber in the ethanol plant by 90% 
(Duerschner, 2019). This will help the ethanol plant to minimize their water consumption, 
especially the water added to the CO2 scrubbers. In addition, BTFs do not produce high amounts of 
GHG as the RTOs do. Replacing the RTOs with BTFs will decrease the carbon emissions from the 
ethanol plant and ensure that the plant save costs on maintaining the RTOs annually.  
 
There are several challenges that affect the performance of the BTFs. One challenge is the loading 
rates of the pollutants entering the BTF. Higher loading rates will lead to lower removal 
efficiencies and biomass clogging in the media. Furthermore, varying the loading rates could also 
affect the performance since the microbial culture needs time to acclimate (Aly Hassan and Sorial, 
2011).  
 
Another challenge is the performance of the BTF at elevated temperatures. The waste gases coming 
off the DDGS process are at temperatures ranging between 40 to 55 °C. There are few studies that 
looked at the performance of BTFs at elevated temperatures, which makes the ability of BTFs to 
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biodegrade pollutants at elevated temperatures unknown (Duerschner, 2019). Additionally, The 
performance of the BTF depends on the solubility of compounds in the liquid phase (Rybarczyk et 
al., 2019). Consequently, at higher temperatures the solubility of some of the pollutants decreases, 
which makes the availability of pollutants at the aqueous phase to the microbial culture lower, 
resulting in lower performance of the BTFs (Duerschner, 2019). 
 
An additional challenge that faces the BTF technology is the VOC mixtures concentrations. If one 
of the VOCs has a higher or more elevated concentration, the microorganisms responsible for its 
degradation might outcompete other strains that are responsible for degrading the less concentrated 
VOCs. Finally, gaseous ethanol coming out of the fermenters process unit is usually recovered in 
the CO2 scrubber and sent to the distillation process (Duerschner, 2019). The process is done to 
ensure to recover as much ethanol as possible to make it a more efficient process and obtain more 
profit (Duerschner, 2019). However, the ethanol vapors are usually biodegraded in the BTFs (Cox 
et al., 2001), which results in less recovered ethanol and less profits for the ethanol plants. Table 
1.2 lists a comparison between the RTOs, CO2 scrubbers, and BTFs in treatment of VOCs emitted 
from ethanol plants.  
 
A challenge that could also affect the performance of the BTFs at ethanol plants is the large amount 
of CO2 resulting from the fermentation of ethanol. Since the biodegradation is at aerobic 
conditions, a sufficient amount of O2 is required to metabolize the pollutants. The high composition 
of CO2 will inhibit the biodegradation and cause lower removal efficiencies. The sufficient O2 
concentration is determined by stoichiometry. For this study, formaldehyde and methanol are the 
HAPs of interest. To help determine the sufficient amount required of O2 to biodegrade both 
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formaldehyde and methanol, the following balanced chemical equations show the biodegradation 
pathway in the presence of O2 for both formaldehyde and methanol, respectively:  
𝐶𝐻!𝑂 + 𝑂!   →     𝐶𝑂!   +     𝐻!𝑂 
𝐶𝐻!𝑂𝐻   +     1.5𝑂!     →     𝐶𝑂!   +     2𝐻!𝑂 
The aerobic biodegradation of both formaldehyde and methanol produces CO2 and H2O. From the 
balanced chemical equation of formaldehyde, for every mole of formaldehyde, one mole of O2 is 
needed to completely biodegrade formaldehyde. To put it in a more practical perspective, if a 
concentration of 20ppmv of formaldehyde is to be emitted from the fermentation tanks, then an 
amount of 20.4ppmv of O2 is required to fully biodegrade that concentration of formaldehyde. For 
the second equation, if a concentration of 20ppmv of methanol is to emitted from the fermentation 
tanks, then for it to be biodegraded a concentration of 30ppmv of O2 is required to fully biodegrade 
the methanol.  
Table 1.2: Advantages and disadvantages of VOCs control technologies  
Technology/Comparison Advantages Disadvantages 
Bio-trickling Filter • Less water required 
• High removal efficiency 
• No natural gas required 
• Wastewater from ethanol 
plant used as nutrient 
solution 
• Less GHG emissions 
• Long start-up procedure 
• Variations in loading rates 
affect performance 
• Hot gases affect 
performance 
• Biodegrade ethanol vapors 
 
Scrubber • Quick start-up 
• Recovers ethanol vapors 
• Large amounts of water 
required 
• Large amounts of sodium 
bisulfate required 
Regenerative Thermal 
Oxidizer 
• Quick start-up 
• Efficient in destroying 
VOCs 
• Natural gas required for 
operation 
• High GHG emissions 
• High cost of maintenance 
annually 
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The challenges faced by the BTFs can be solved. To overcome the loading rate variations, the 
BTFs can be designed at the ethanol plant to ensure that they biodegrade the highest loading rates 
expected from the ethanol plant emissions. For VOCs at elevated temperatures, mixing the 
fermenter off-gases with DDGS off gases can solve the challenge. This will ensure that the gases 
from the DDGS can be cooled down to temperatures less than 35 °C. Additionally, mixing the 
fermenter off-gases with DDGS off gases will help provide the sufficient amount required of O2 in 
order to biodegrade the VOCs that are emitted after the fermentation process. Another strategy that 
could be implemented to supply sufficient O2 is to simply to mix the gaseous stream after 
fermentation with another air stream.  
 
 Another strategy to be implemented is to operate a small scrubber in series with the BTF to 
recover the ethanol gaseous streams coming out of the fermentation process. There will be no 
chemicals added to the CO2 scrubber since the biodegradation will happen in the BTF.  
 
1.4 Technologies of Formaldehyde Treatment   
 
There are several possible methods to treat formaldehyde. A common method found in the 
literature is the physical and chemical treatment of formaldehyde. This section will introduce the 
treatment technology and summarizes several studies found in the literature in treating 
formaldehyde using the technology.  
 
Advanced oxidative processes (AOPs) are technologies used for the degradation of formaldehyde. 
AOPs are based on the generation of a hydroxyl radical that serves as a powerful oxidizing agent to 
react with organic and inorganic compounds. Products generated from the oxidization reaction are 
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CO2, water, and inorganic anions (Guimarães et al., 2012). Table 1.3 lists the different AOPs and 
compares their advantages and disadvantages (Brienza and Katsoyiannis, 2017).  
 
One method for AOPs was the electrogeneration of H2O2 that was investigated by (Do, 1993). 
Results from this study have showed that between formaldehyde concentrations of 250 to 1000 
ppm, the removal efficiency was more than 99%. Another study used an electrochemical tubular 
flow reactor with a titanium anode coated with metal oxides was investigated by (Fukunaga et al., 
2008). Results predicted that for a constant concentration of formaldehyde and increasing the 
current density from 50 to 150 mA cm-2 the electrodegredation followed a pseudo first-order 
kinetics. Additionally, when the formaldehyde concentration is increased at a constant current 
density of 100 mA cm-2, a transition from a zero-order to a first-order kinetics occurs at the limiting 
current value.  
 
A photo-catalysis method using UV/TiO2/O3 was investigated by (Qi et al., 2007) for the 
possibility of formaldehyde degradation. Results show that between concentrations in the range of 
1.5-19.6 parts per million by volume (ppmv) of formaldehyde the removal efficiencies were in the 
range of 73.6 % to 79.4%. To increase the performance the ozone (O3) concentration was increased 
from 0 to 86 ppmv in the photo-catalysis process. This yielded higher removal efficiency from 
39.0% to 94.1% at an inlet formaldehyde concentration range of 17.9-19.6 ppmv.  
 
No studies in the literature were found regarding using the AOPs in the treatment of HAPs emitted 
at ethanol plants. More investigation will be needed in order to determine the viability of using this 
technology to treat HAPs emitted at ethanol plants.  
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Table 1.3 Advantages and disadvantages of different AOPs technologies (Brienza and 
Katsoyiannis, 2017). 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
AOP Advantages Disadvantages 
TiO2 catalyzed UV 
oxidation 
 
• No potential formation of bromated by 
product 
• Recycling of the catalysts 
• Performance also at higher wavelengths 
and under solar irradiation 
 
• No full-scale application exists 
• If the catalyst is added as a slurry, 
separation step is required 
• Adapted and optimum concentration of 
catalyst required a rigorous studies 
 
O3/UV 
 
• More efficient than O3 or UV alone 
• Disinfectant 
• For equal oxidant concentration, more 
efficient at generating hydroxyl radical 
than H2O2/UV 
 
• Potential bromated by product 
• UV light penetration can be obstructed 
by turbidity 
• Compounds such as nitrate can interfere 
with the absorbance of UV light 
• Energy and cost intensive processes 
 
H2O2/UV 
 
• No potential formation of bromated 
compounds 
• Full scale drinking water treatment 
system exists 
 
• Potential bromated by product 
• UV light penetration can be obstructed 
by turbidity 
• Compounds such as nitrate can interfere 
whit absorbance of UV light 
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1.5 Goals and Objectives  
 
The main goal of this work is to investigate the feasibility of applying the BTF technology in 
treating VOC emission at ethanol production facilities. A specific goal for this thesis is to 
investigate the ability of the BTF in degrading formaldehyde and methanol adequately at 
concentration typical of ethanol plants emissions. Acetaldehyde was studied previously by 
(Duerschner, 2019) and results have shown that acetaldehyde was biodegraded effectively at 
typical ethanol plants emissions. Formaldehyde and methanol are considered HAPs (USEPA, 
2017a); therefore they were selected in this study to evaluate their removal efficiencies in a BTF at 
various temperatures. Objectives also include identifying the maximum elimination capacity.   
 
1.6 Organization of the Thesis  
 
The first chapter of this thesis is the introduction. The goals of the introduction is to provide an 
overview of the ethanol manufacturing process, introduce VOC emissions from the ethanol 
manufacturing plants with their regulations, traditional methods used for the control of the VOC 
emissions. Furthermore, it compares the advantages and disadvantages of using the traditional 
methods versus the BTFs and introduces other technologies that have been used in degrading 
formaldehyde. Chapter 2 is a review of the related literature. Its goals are to introduce the physical 
and chemical properties of formaldehyde, acetaldehyde, and acrolein including their impact on 
human health, and to review the literature surrounding their biodegradation in BTFs and bio-filters. 
Chapter 3 is a manuscript that is in preparation for submission to a journal. It includes the methods 
and results of the study investigating the biodegradation of formaldehyde at mesophilic and 
thermophilic conditions. In addition, it includes results regarding the methanol degradation in the 
BTF. Chapter 4 includes results from acetaldehyde biodegradation at different temperatures. 
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Chapter 5 investigates the identification of formaldehyde using vacuum assisted sorbent extraction 
and quantifying it using gas chromatography/ mass spectrometry (GC/MS). Finally, Chapter 6 
serves as a conclusion for the findings in this thesis.   
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CHAPTER 2:  LITERATURE REVIEW 
	  
This chapter discusses key literature related to the topic of aldehydes of interest and their 
biodegradation. The chapter reviews the physical and chemical properties of the aldehydes of 
interest (formaldehyde, acetaldehyde, and acrolein) and their potential health impacts. It reviews 
the literature on the biodegradation of VOCs at both mesophilic and thermophilic conditions. Also, 
it discusses relevant literature on the biodegradation of mixtures of these VOCs. The 
biodegradation studies were performed either in a bio-filter or a bio-trickling filter (BTF). The 
main difference between the two technologies is that a nutrient stream is trickled through the BTF 
whereas the bio-filter does not have that (Li et al., 2020). This allows for a better control of the 
conditions that the BTF is operated at such as, pH and temperature (Li et al., 2020).  
 
BTFs performances are generally not impacted by long periods of inactivity for easily biodegraded 
compounds such as VOCs (Cox and Deshusses, 2002). The microorganisms in the BTFs are 
resilient, so if no nutrient solution, or pollutants get fed to the microorganisms this will not affect 
the efficiency of the BTF in biodegrading the VOCs. This is of importance since ethanol plants go 
through periods of shutdowns for their operation. Therefore, the performance of the BTF will not 
get affected when the ethanol is fully operating again after a shutdown period. Re-acclimation 
periods only take several hours for the microorganisms to be able to biodegrade compounds at high 
efficiencies (Cox and Deshusses, 2002).         
	  
2.1 Properties of Aldehydes (Acetaldehyde, Formaldehyde, Acrolein) 
 
Formaldehyde (CH2O), acetaldehyde (C2H4O), and acrolein (C3H4O) are sources of air pollution in 
the environment. They can be produced from various industries. The industry of concern is ethanol 
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production. Table 2.1 lists the physical and chemical properties of the compounds (Chen, 2009; 
Fischer Scientific 2008; USEPA 2017b; USEPA 2017c).  
 
Formaldehyde can cause eye irritation if a person were to be exposed to the fumes of 
formaldehyde. According to the International Agency for Research on Cancer (IARC) that there 
are sufficient evidence that formaldehyde can cause cancer to humans (IARC 2011). Acetaldehyde 
is a level B2 classification compound and it is also a probable carcinogen (USEPA, 2017b). 
Inhalation of acetaldehyde in rates have been linked to nasal cancer (USEPA, 2017b).  
 
Acrolein is a colorless volatile liquid with a pungent odor. The odor can be highly disagreeable and 
choking (USEPA, 2017c). Acrolein is soluble in many organic liquids such as alcohol, ether, and 
acetone.  
 
Table 2.1: Physical and chemical properties of formaldehyde, acrolein, and acetaldehyde (Chen, 
2009; Fischer Scientific, 2008; USEPA, 2017b; USEPA, 2017c). 
 
 
 
 
 
 
 
 
 
 
 
Properties Formaldehyde Acetaldehyde Acrolein 
Molar Mass (g/mol) 30.03 44.04 56.06 
Density (g/mL) 0.815 0.788 0.839 
Boiling Point (°C) -19 21 52.5 
Vapor Pressure at 20°C (mmHg) 3284 740 274 
Solubility in Water Miscible Miscible Miscible 
Henry’s Law Constant (atm m3/mol) 3.4×10-4 8.8×10-2 1.22x10-4 
Odor Threshold (ppmv) 0.05 0.83 0.160 
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2.2 Bio-trickling Filters and Bio-filters Performance treating Air Pollutants 
 
A number of studies have examined the biodegradation of the various volatile organic compounds 
(VOCs) in a bio-filter or a bio-trickling filter (BTF). It considers the biodegradation of 
formaldehyde individually and as a mixture with other VOCs. In addition, it encompasses literature 
review on thermophilic biodegradation of VOCs. Important terms used in this literature review are 
empty bed residence time (EBRT), loading rate (LR), and elimination capacity (EC). The EBRT is 
the ratio of the total bed volume to the air flow rate. The LR is the rate at which a VOC enters the 
BTF and the EC is the rate that the VOC is biodegraded. LR and EC both have units of grams of 
VOC per cubic meter of bed volume per hour. Table 2.2 summaries the formaldehyde 
biodegradation found in the literature. Table 2.3 Summaries the compounds biodegradation found 
in the literature. A summary of the studies summarized in Tables 2.2 and 2.3 is provided in 
Sections 2.3, 2.4, and 2.5.  
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2.3 Formaldehyde Bio-filtration 
 
This section will introduce and explain some of the studies found in the literature that describe the 
biodegradation of gaseous formaldehyde in a traditional bio-filter or in a BTF. Six studies will be 
discussed in this section. The operating temperature was kept at room temperatures. The following 
studies from Table 2.2 are discussed in this section (Fulazzaky et al., 2013; Talaiekhozani et al., 
2016; Xu et al., 2010; Rezaei et al., 2015; Maldonado-Dias and Arriaga 2015; Jamshidi et al., 
2017; Teh and Mahmood 2013; Chen et al., 2010).  
 
A study that focuses on the individual treatment of formaldehyde is (Fulazzaky et al., 2013). 
Different EBRTs were studied to determine the efficiency of the treatment of formaldehyde at 
these different times. The goal was to obtain optimal operating conditions. The study has found that 
the optimum removal efficiency of 450 mg formaldehyde per Liter of contaminated air was 99% at 
a verified EBRT of 150 s. This corresponds to a LR of 13.5 g m-3 hr-1 and a max EC of 13.3 g m-3 
hr-1. Another study that evaluated the removal efficiencies of formaldehyde was (Talaiekhozani et 
al., 2016). It evaluated how varying gas flow rates to find out the effect of velocity on the 
formaldehyde removal efficiency of the BTF. Results showed that for the gas flow rates of 90, 291 
and 1512 L/h in BTF, the formaldehyde removal efficiency of 95, 97, and 99% were    achieved, 
respectively. The study did not provide enough information regarding the max EC, LR, and EBRT.  
 
Formaldehyde has also been studied in a bio-filter bed media contained a mixture of compost, 
vermiculite powder, and ceramic particles (Xu et al., 2010). The volume of the packing was 0.025 
m3 and it was kept at a pH value of 8.1. The bed was acclimated first for 45 days at a flow rate of 
112 L/h and a concentration of formaldehyde of 16.3 ppmv. Results show that at the maximum LR 
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of 13.4 g m-3 h-1 the maximum EC was 8.7 g m-3 h-1 .The corresponding EBRT for this study is 222 
s.  
 
A study by Rezaei et al. (2015) investigated the biodegradation of formaldehyde in a bio-filter. The 
media used consisted of compost and woodchips. Highest reported EC was 4.0 g m-3 h-1 at LR of 
5.4 g m-3 h-1. The study was done at an EBRT of 180 s. Another study investigated the 
biodegradation of formaldehyde in a bio-filter was investigated by Maldonado-Dias and Arriaga 
(2015). The bio-filter media used was perlite and the gaseous formaldehyde was introduced from 
the bottom of the bio-filter. The experiment set-up was divided into two parts. The first part, the 
bed operated without the addition of ozone to the bio-filter. The second part, ozone at 90 parts ber 
billion by volume (ppbv) was added to the bio-filter to control the pH and establish better removal 
of formaldehyde. The highest reported EC was 126.5 g m-3 h-1 at a LR of 126.5 g m-3 h-1. The high 
EC was attributed to the addition of ozone to the bio-filter. The bed was operated at 72s EBRT. 
The addition of ozone helped the bio-filter to maintain an optimal pH for the biodegradation of 
formaldehyde and maintain a stable biomass concentration in the bio-filter for long periods of 
operation. Controlling the pH using ozone will also prevent the acidification of the bed due to the 
accumulation of acidic by-products from formaldehyde biodegradation (Maldonado-Dias and 
Arriaga, 2015).  
 
Another study that investigated the bio-filtration formaldehyde was done by (Jamshidi et al., 2017). 
In addition to formaldehyde, acetaldehyde and acrolein were also investigated individually in this 
study. The bio-filter used was packed with a mixture of compost-scoria-sugarcane bagasse in a 
6:2:2 volume ratio (Jamshidi et al., 2017). The temperature was kept between 27-29 °C. The 
experiment was composed of 3 periods. Each period ran for 90 days where each period evaluated 
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the removal of a single pollutant. The EBRT relation with the removal efficiency was investigated 
by operating the bed at 120s, 80s, and 40s EBRT. Each EBRT was run for 30 days for each period. 
In the first period, formaldehyde was evaluated. Results show that the mean formaldehyde removal 
for the highest operating concentration range of 7.58-9.5 ppmV was 89.7 ± 5% (Jamshidi et al., 
2017). For the second-period acetaldehyde removal was evaluated. Results show that the mean 
acetaldehyde removal for the highest operating concentration range of 7.58-9.5 ppmV was 80.2 ± 
4.7% (Jamshidi et al., 2017). For the third period, the removal of acrolein was investigated. Results 
show that the mean acrolein removal for the highest operating concentration range of 3.2-4 ppmV 
was 82.4 ± 5.3% (Jamshidi et al., 2017).  
 
Teh and Mahmood (2013) investigated the removal of formaldehyde gas in a bio-filter that 
contains vermicompost and one golden pothos plant as the media. The bio-filter was kept at 
ambient temperatures (exact temperatures were not reported). The study reported a maximum EC 
of 276 g m-3 h-1 at a LR of 277.3 g m-3 h-1. The corresponding EBRT of the study was 76.6s. The 
average removal efficiency for the entire period was 99.5%.  
 
In a study by Chen et al. (2010), formaldehyde and acetaldehyde were investigated individually. A 
bio-filter packed with porous silicate pallets and a compost mixture was used in this study. The bio-
filter was operated at ambient temperatures (21-23 °C). For formaldehyde, the maximum EC was 
established at 15 g m-3 h-1 at a LR of 15 g m-3 h-1. The bed was operated at an EBRT of 10s for the 
formaldehyde biodegradation. For acetaldehyde, the maximum EC was established at 28 g m-3 h-1 
at a LR of 35 g m-3 h-1. The corresponding EBRT for the acetaldehyde experiment was 20s. 
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The studies discussed in this section identified the performance of either a BTF or a bio-filter in the 
biodegradation of gaseous formaldehyde. The studies that have used a BTF to biodegrade 
formaldehyde (Fulazzaky et al., 2013; Talaiekhozani et al., 2016) have all biodegraded 
formaldehyde effectively at high removal efficiencies. The same performance was observed for the 
studies that have used a bio-filter (Xu et al., 2010; Rezaei et al., 2015; Maldonado-Dias and 
Arriaga 2015; Jamshidi et al., 2017; Teh and Mahmood 2013; Chen et al., 2010).    
 
(Maldonado-Dias and Arriaga 2015) compared how controlling the pH could be effective in 
treating formaldehyde. It was noted that controlling the pH of the bed is important to biodegrade 
formaldehyde. This is of importance to our study, since it focuses on the biodegradation of 
formaldehyde in a BTF while controlling the pH of the trickling liquid in the BTF. Another 
observation that was made is that all the studies in this section have studied the formaldehyde 
biodegradation at different EBRTs and LRs. It would be an interesting comparison to see if LRs 
and EBRTs are similar to all studies, while other conditions such as, media, pH, and concentrations 
are what the studies have already reported. From that the performances of the BTFs and bio-filters 
can be evaluated.  
 
No studies that were found have evaluated the formaldehyde biodegradation at elevated 
temperatures. This condition will be discussed in this thesis and the results obtained will be 
mentioned in Chapter 3 of this thesis. Another observation that was made is that some studies in 
this section have used formalin to generate the gaseous formaldehyde. However, no studies have 
mentioned the polymerization of formaldehyde. Chapter 3 of this thesis will evaluate the observed 
polymerization of formaldehyde and what was done to reduce it.  
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2.4 Mixtures Bio-filtration 
	  
This section discusses the biodegradation of a mixture of gaseous compounds in a traditional bio-
filter or in a BTF. The mixture of gases in this section contains two or more gases. The operating 
temperatures are kept at room temperatures. The following studies from Table 2.2 are going to be 
discussed in the section (Prado et al., 2004; Prado et al., 2008; Rene et al., 2010). The following 
studies from Table 2.3 are going to be discussed in this section (Aly Hassan and Sorial 2011; 
Zehraoui et al., 2012).  
 
Aly Hassan and Sorial (2011a) investigated the treatment of benzene and n-hexane mixtures in 
Trickle-Bed Air Bio-filters (TBAB). The study investigated the removal of a mixture ratio of 1:1, 
2:1, and 1:3 by volume of n-hexane: benzene. The beds were operated at a constant temperature of 
20 °C with an EBRT of 120s (Aly Hassan and Sorial, 2011a). The highest LRs for the 1:1 by 
volume bed were 22.3 and 29.9 g m-3 hr-1 for n-hexane and benzene respectively. The inlet 
concentrations at the highest LRs are 210 and 310 ppmv for n-hexane and benzene respectively. 
The corresponding ECs were 9 and 26 g m-3 hr-1 for n-hexane and benzene respectively. The 
removal efficiencies were 40 and 87% for n-hexane and benzene respectively (Aly Hassan and 
Sorial, 2011a).  
 
The highest LRs for the 2:1 by volume bed were 21.1 and 14.2 g m-3 hr-1 for n-hexane and benzene 
respectively. The inlet concentrations at the highest LRs are 199 and 147 ppmv for n-hexane and 
benzene respectively. The corresponding ECs were 10.3 and 14.1 g m-3 hr-1 for n-hexane and 
benzene respectively. The removal efficiencies were 59 and 99% for n-hexane and benzene 
respectively (Aly Hassan and Sorial, 2011a). The highest LRs for the 1:3 by volume bed were 10.7 
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and 42.7 g m-3 hr-1 for n-hexane and benzene respectively. The inlet concentrations at the highest 
LRs are 101.3 and 445.1 ppmv for n-hexane and benzene respectively. The corresponding ECs 
were 6.5 and 36.8 g m-3 hr-1 for n-hexane and benzene respectively. The removal efficiencies were 
60.4 and 85.1% for n-hexane and benzene respectively (Aly Hassan and Sorial, 2011a).  
 
Prado et al. (2004) investigated the bio-filtration of a mixture of formaldehyde and methanol in a 
BTF. The media used was lava rock. The bed was operated at a temperature of 21.2 °C and the 
corresponding EBRT was 71.1s. The highest reported EC for formaldehyde and methanol was 41.2 
and 2.3 g m-3 hr-1, respectively. The LRs corresponding to the highest ECs reported for 
formaldehyde and methanol were 46.2 and 4.0 g m-3 hr-1, respectively. The average removal 
efficiency for formaldehyde and methanol was 87.2% and 62.7%, respectively.  
 
 A study that looked into the removal of a mixture of formaldehyde, methanol, dimethyl ether, and 
carbon monoxide was investigated by (Prado et al., 2008). The experiment investigated first the 
mixture biodegradation of formaldehyde and methanol in a two-stage bioreactor. The two-stage 
bioreactor system composed of a bio-trickling filter and a conventional bio-filter connected in 
series was designed and developed at room temperature with lava rock as the packing material. 
Maximum EC was reported for both formaldehyde and methanol at 50 and 600 g m-3 hr-1 , 
respectively. The LR at which the maximum EC was obtained for both formaldehyde and methanol 
is at 50 and 600 g m-3 hr-1 respectively.  
 
In another experiment, (Prado et al., 2008) investigated the mixture biodegradation of methanol 
and dimethyl ether in a bio-filter. The highest EC reported for both methanol and dimethyl ether 
was 99 and 1.6 g m-3 hr-1 respectively. The corresponding LR associated with both methanol and 
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dimethyl ether was at 100 and 24 g m-3 hr-1 respectively. A third experiment was carried out by 
(Prado et al., 2008) was to investigate the biodegradation of a mixture of formaldehyde and 
dimethyl ether in a bio-trickling filter. The highest EC reported for both formaldehyde and 
dimethyl ether was 38 and 5.5 g m-3 hr-1 respectively. The corresponding LR associated with both 
formaldehyde and dimethyl ether was at 48 and 22 g m-3 hr-1 respectively.  
 
The last experiment that was carried out by (Prado et al., 2008) was to investigate the 
biodegradation of the four mixtures containing formaldehyde, methanol, dimethyl ether, and 
carbon monoxide in a bio-filter. The bed was operated for 30 days. For that period the EBRTs were 
varied. The EBRTs started at 58s for (between days 0 and 14), then decreased to 41 s (days 14–21), 
and finally to 30 s (days 21–28) (Prado et al 2008). The inlet concentrations were 81.5 ppmv for 
formaldehyde, 76.4 ppmv for methanol, 26.6 ppmv for dimethyl ether, and 43.7 ppmv for carbon 
monoxide (Prado et al., 2008).  Formaldehyde and methanol were efficiently biodegraded with 
100% removal efficiency.  
 
A mixture of styrene and acetone were studied in a bio-filter packed with sieved perlite beads (4–6 
mm) by Rene et al. (2010). Four different operation phases were investigated in this study. Phase I 
was operated at an EBRT of 137s. Styrene inlet concentrations were in a range of 507.1-1486 ppmv 
and acetone was in a concentration range of 762.0-3663.7 ppmv. For Phase II, it was operated at an 
EBRT of 68.5s. Styrene inlet concentrations were in a range of 89.2-997.7 ppmv and acetone was in 
a concentration range of 59.6-1917.0 ppmv. Phase III was operated at an EBRT of 34.2s. Styrene 
inlet concentrations were in a range of 44.6-882.7 ppmv and acetone was in a concentration range 
of 31.2-1124.7 ppmv. Phase IV was operated at an EBRT of 17.1s. Styrene inlet concentrations 
were in a range of 2.3-417.9 ppmv and acetone was in a concentration range of 2.8-320.9 ppmv. 
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Rene et al. (2010) established a maximum EC for styrene at Phase IV (EBRT of 17.1s) 
corresponding to a value of 212 g m-3 hr-1 at a LR of 374 g m-3 hr-1. For acetone, the maximum EC 
was established at Phase I (EBRT of 137s) with a value of 151 g m-3 hr-1 at a LR of 234 g m-3 hr-1.  
 
Methanol and n-hexane biodegradability in a BTF were investigated by (Zehraoui et al., 2012). 
Two BTFs were operated in parallel. BTF ‘A’ was operated in a methanol: n-hexane ratio of 
80:20% by volume, while BTF ‘B’ was operated in a 70:30% by volume ratio. Both BTFs were 
operated at an EBRT of 120s. The highest reported EC for n-hexane for both BTF ‘A’ and BTF ‘B’ 
are 7.9 and 8.4 g m-3 hr-1, respectively. The LRs of n-hexane at which the highest ECs were 
established for both BTF ‘A’ and BTF ‘B’ are 10.6 and 13.2 g m-3 hr-1, respectively. The highest 
reported EC for methanol for both BTF ‘A’ and BTF ‘B’ are 63.7 and 37.1 g m-3 hr-1, respectively. 
The LRs of methanol at which the highest ECs were established for both BTF ‘A’ and BTF ‘B’ are 
64.5 and 37.7 g m-3 hr-1, respectively. 
 
The studies in this Section, focused on the biodegradation of a mixture of compounds in either a 
bio-filter or a BTF at ambient temperatures. All studies agreed that the biodegradation of one of the 
compounds could be inhibited the presence of another. This is true for the study by (Rene et al., 
2010) where the biodegradation of acetone was inhibited by the presence of styrene, while styrene 
removal was affected only slightly by the presence of acetone. The study by (Zehraoui et al., 2012) 
evaluated the removal of a hydrophobic compound (n-hexane) and a hydrophilic compound 
(methanol). It was observed that n-hexane removal was affected by the presence of methanol, while 
methanol was not affected by the presence of n-hexane. This is due to the solubility of the 
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compounds in water; since methanol is more soluble than n-hexane its bioavailability to the 
microorganisms will be higher which lead to higher removal of methanol.  
 
The study by (Prado et al., 2004) is of importance since it investigated the biodegradation of both 
methanol and formaldehyde in a BTF, which is one of the studies done in this thesis and its results 
will be discussed further in Chapter 3. Formaldehyde removal was higher than methanol in the 
study by (Prado et al., 2004). This result is interesting since methanol is more soluble than 
formaldehyde, which means that the methanol bioavailability is higher than methanol. The study by 
(Prado et al., 2008) showed higher efficiency in the treatment of both methanol and formaldehyde 
where they were efficiently biodegraded. This is due to the presence of a two-stage bioreactor in 
series where it consists of a BTF and a bio-filter.  
 
Mixtures biodegradation is really important to study, since the HAPs emitted from ethanol plants 
are in mixtures. Understanding the properties of each of the compounds is important to identify 
their biodegradability. Furthermore, evaluating the microbial communities in the beds is really 
crucial in identifying which of the microbial communities is responsible for the biodegradation of 
each of the compounds in a mixture.     
 
2.5 Thermophilic Bio-filtration  
	  
Other studies focused on the bio-filtration of pollutants at thermophilic conditions. The temperature 
of the bio-filter or bio-trickling filter is usually increased and maintained above room temperatures. 
This section discusses the studies found in the literature that discusses the biodegradation of the 
pollutants at those elevated temperatures from Table 2.3 (Zhang et al., 2015; Moussavi et al., 2009; 
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Han et al., 2016; Cox et al., 2001; Duerschner, 2019; Kong et al., 2001; Zamir et al., 2015; Ryu et 
al., 2009; Wei et al., 2015).  
 
A study that focused on the removal of SO2 using a thermophilic bio-filter was investigated by 
(Zhang et al., 2015). The bio-filter was maintained at a temperature of 60 °C. A maximum EC was 
established at 50.67 g m-3 h-1. The corresponding LR was 51.44 g m-3 h-1. The average removal 
efficiency was 93.1% (Zhang et al., 2015). The reported EBRT for this experiment was 18s.  
 
Another study that evaluated the removal of methyl tert-butyl ether (MTBE) in a thermophilic bio-
filter was investigated by (Moussavi et al., 2009). The bio-filter was maintained at a temperature of 
52 °C. Results demonstrate that MTBE was sufficiently biodegraded under thermophilic 
conditions. A maximum EC was reported at 640 g m-3 h-1 with the LR of 670 g m-3 h-1. The reported 
EBRT was 60s. (Han et al., 2016) investigated the biodegradation of NO in a bio-filter at an 
elevated temperature of 50 °C. The maximum EC reported was 146.9 g m-3 hr-1 at an inlet LR of 
164 g m-3 hr-1 (corresponding to 1492.5 ppm). The reported EBRT was 132s. Another study 
evaluated the ethanol vapors removal efficiency in a bio-trickling filter was evaluated by (Cox et 
al., 2001). The study evaluated the biodegradation in two parallel bio-trickling filters. One at a 
temperature of 22 °C and the other was at 53 °C. Both BTFs performed similarly. The reported 
maximum EC exceeded the value of 220 g m-3 h-1 for both BTFs (Cox et al., 2001). The EBRT 
reported for this study was 57s (Cox et al., 2001).  
 
Another study investigated the biodegradation of acetaldehyde at thermophilic conditions was done 
by (Duerschner, 2019). Two BTFs were operated in parallel one at room temperature and one at an 
elevated temperature of 60 °C. The highest EC of 82.86 g m-3 hr-1 at a LR of 136 g m-3 hr-1 was 
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reached for the room temperature BTF. The concentration at which this achieved was 600ppmv of 
acetaldehyde. For the BTF at 60 °C, the highest EC was 20.3 g m-3 hr-1 at a LR of 45.3 g m-3 hr-1. 
The concentration at which this achieved was 200ppmv of acetaldehyde.   
 
Another study that investigated the biodegradation methanol and α-pinene at thermophilic 
conditions were done by (Kong et al., 2001). The beds were operated at 55 °C. Methanol highest 
EC was reported to be 118 g m-3 hr-1 at LR of 120 g m-3 hr-1. For α-pinene, the highest EC was 
reported to be 75 g m-3 hr-1 at a LR of 90 g m-3 hr-1. The reported EBRT for this study was 60s.  
 
A study that investigated the biodegradation of styrene vapors at thermophilic conditions was done 
by (Zamir et al., 2015). The bed was operated at 40 °C and at an EBRT of 120s. The bed was 
packed with a mixture of 1:1 (v/v) of 1” pumice grains and steel pall rings (Zamir et al., 2015). The 
maximum reported EC was 110 g m-3 hr-1 at a LR of 120 g m-3 hr-1. The EBRT at which the 
maximum EC was established was at 120s.  
 
The biodegradation of H2S gas at thermophilic conditions was investigated by Ryu et al. (2009). A 
bio-filter packed with polyurethane cubes and compost as a source of thermophilic bacteria was 
used in this study. The bio-filter was maintained at 60°C. A maximum EC was established at 57 g 
m-3 hr-1 at a LR of 60 g m-3 hr-1. The corresponding EBRT was 72s.  
 
Trimethylamine gas biodegradation was investigated at thermophilic conditions (Wei et al., 2015). 
A BTF packed with ceramsite was used for this study. The BTF was operated at a temperature of 
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56°C. The maximum EC was established at 375.2 g m-3 hr-1 at a LR of 717.7 g m-3 hr-1 (Wei et al., 
2015). The inlet concentration of trimethylamine gas was 1406.6 ppmv.  
 
The studies included in this section, focused on the biodegradation of an individual compound or a 
mixture of compounds in either a bio-filter or a BTF at elevated temperatures. The studies showed 
variability in treating the compounds, where compounds removal got affected at thermophilic 
conditions and others did not. The study by (Duerschner, 2019) showed that acetaldehyde removal 
was affected at elevated temperatures in a BTF due to the decreased solubility of acetaldehyde. The 
decreased solubility affects the availability of acetaldehyde to the microorganisms to be 
biodegraded. Another study by (Cox et al., 2001) investigated the removal of ethanol at both 
ambient and elevated temperatures. Ethanol was effectively biodegraded in both BTFs and 
performance of the BTF at ambient temperatures and the BTF at elevated temperatures was similar. 
Both studies by (Cox et al., 2001; Duerschner, 2019) showed that the elevated temperatures affect 
HAPs emitted from ethanol plants differently.   
 
It is important to study the biodegradability of these compounds since the HAPs emitted from the 
dryers at ethanol facilities are at elevated temperatures. Formaldehyde biodegradation was never 
studied at elevated temperatures, which is important to note here. Having a healthy microbial 
culture that strive at elevated temperatures is important in the biodegradation of acetaldehyde as it 
was observed in the study by (Duerschner, 2019).  
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 2.5 Other individual compounds bio-filtration at mesophilic conditions 
	  
This section will discuss studies that investigated the biodegradation of individual compounds at 
ambient temperatures. Since formaldehyde biodegradation was discussed in Section 2.3, this 
section will encompass other compounds found in the literature. The studies used either a bio-filter 
or a BTF for the biodegradation. The following studies that are found in Table 2.3 are going to be 
discussed in this section  (Sun et al., 2013; Wu et al., 2016; Tu et al., 2015).  
 
Sun et al. (2013) have investigated the biodegradation of toluene in a BTF. The study was done at 
ambient temperatures of 25 °C. The media used was ceramisite that was inoculated with 
Burkholderia sp. strain T3 with an EBRT of 32s (Sun et al., 2013). The highest recorded EC for 
toluene was 234.23 g m-3 hr-1 at a LR of 236.93 g m-3 hr-1. The average removal efficiency was at 
98.9% at an inlet concentration of 557.3 ppmv of toluene.  
 
A study by Wu et al. (2016) investigated the removal methyl acrylate in a ceramic-packed BTF. A 
maximum EC was established at approximately 4.5 g m-3 hr-1 at a LR of 5.5 g m-3 hr-1. The 
corresponding EBRT was 266s. The bed was operated at an inlet methyl acrylate concentration 
range of 21.4-2054.4 ppmv. The bed was at ambient temperatures (exact temperatures were not 
reported).  
 
Tu et al. (2015) ran experiments in a BTF to determine the biodegradation of n-hexane. Two BTFs 
were operated in parallel and polyurethane sponges were used as the packing material. Saponins 
were added to the nutrient solution of one of the BTFs. The beds were operated at ambient 
temperatures of 21°C. The BTF with the added saponins performed better with a maximum EC of 
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99.8 g m-3 hr-1 at a LR of 120 g m-3 hr-1. The presence of saponins enabled the microorganisms in 
the BTF to absorb and biodegrade n-hexane more easily (Tu et al., 2015). The BTF was operated at 
30s EBRT and the influent n-hexane concentration was 283.7 ppmv.   
 
The studies included in this section, focused on the biodegradation of an individual compound in 
either a bio-filter or a BTF at ambient temperatures. All studies in this section were operated in a 
BTF. It was observed that BTFs are effective in the treatment of toluene, methyl acrylate, and n-
hexane (Sun et al., 2013; Wu et al., 2016; Tu et al., 2015). The study by (Tu et al., 2015) was of 
interest due to the fact of the usage of saponins that improved the BTF performance in treating n-
hexane. This could be of interest to see how other compounds biodegrade in a BTF with the 
addition of saponins.  
 
2.6 The effect of pH on bio-filtration performance and the carbonate system  
	  
	  
The pH levels have a significant effect on the efficiency of the bio-filtration process (Kumar et al., 
2011). The activity of the microbes attached in the biofilm in a bio-filter or a BTF are severely 
disrupted by any change in pH (Kumar et al., 2011). This section will discuss several studies that 
evaluated the effect of pH on the biodegradation of compounds in either a bio-filter or a BTF. Also, 
it will provide an overview on the impact of CO2 on changing the pH in water and explain the 
carbonate systems.  
 
A study by (Aly Hassan and Sorial, 2010a) has compared the performance of the biodegradation of 
n-hexane in a BTF at two different pH levels of 7.0 and 4.0. The BTFs were operated at 20°C and 
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an EBRT of 120s. The packing material used was diatomaceous earth. The performance of the BTF 
at pH 4.0 was higher than the BTF at pH 7.0 reaching a maximum EC of 38.7 g m-3 h-1 at a LR of 
47.7 g m-3 h-1. Compared to the BTF at pH 7.0 where the maximum EC recorded was 12.6 g m-3 h-1 
at a LR of 21.5 g m-3 h-1. The concentration of n-hexane where the maximum ECs were established 
was 450 ppmv and 200 ppmv for the BTF at pH 4.0 and 7.0, respectively. The higher performance 
of the BTF at pH 4.0 was explained by the utilization of fungi as the predominant source of 
microbes to biodegrade n-hexane at acidic conditions rather than using microbes that strive at more 
neutral pH levels.  
 
A mixture of methanol and n-hexane was studied in a BTF at a pH of 4.0 by (Zehraoui et al., 
2013). The conditions of the BTF was similar to that reported past experiment by (Zehraoui et al., 
2012) where he investigated the biodegradation of methanol and n-hexane at neutral pH. The 
highest EC for n-hexane was 11.2 g m-3 h-1 at a LR of 13.2 g m-3 h-1. For methanol, the highest 
reported EC was 64.5 at a LR of 64.5 g m-3 h-1. When comparing the study by (Zehraoui et al., 
2013) under acidic conditions and (Zehraoui et al., 2012) under neutral conditions, it is observed 
that under acidic conditions the removal of a mixture of n-hexane and methanol is enhanced. This 
is due to the presence of fungi as the predominant biodegradation microbial culture.  
 
Benzene biodegradation was evaluated under acidic conditions at pH 4.0 in a BTF by (Aly Hassan 
and Sorial, 2010b). The bed was operated at 25°C and an EBRT of 120s. The bed was packed with 
diatomaceous earth pallets and seeded with activated sludge. The highest EC recorded was 58.0 g 
m-3 h-1 at a LR of 76.8 g m-3 h-1. The concentration of benzene was 800 ppmv. To compare the 
biodegradation of benzene between acidic and neutral conditions, a study by (Aly Hassan and 
Sorial, 2009) has evaluated the biodegradation of benzene at pH of 7.0. Other conditions in the 
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study by (Aly Hassan and Sorial, 2009) were similar to that reported by (Aly Hassan and Sorial, 
2010b) for benzene. The highest EC reported was 60.8 g m-3 h-1 at a LR of 76.8 g m-3 h-1 (Aly 
Hassan and Sorial, 2009). The performance of the BTF at pH 7.0 for biodegrading benzene was 
slightly better than the BTF under acidic conditions (pH = 4.0).  
 
Benzene, toluene, ethyl-benzene, and o-xylene (BTEX) biodegradation in a BTF was evaluated in a 
pH range of 5.0-8.5 (Lu et al., 2002). The packing material used was coal particles. The bed was 
operated at 25°C and an EBRT of 240s. The beds were fed a concentration of 750 ppmv of B and T 
and 500 ppmv of E and X. The loading rate was 143gBTEX m-3 h-1. It was seen that B, T and X 
removal efficiencies increased as the pH of the nutrient feed increased in the pH range of 5–8. 
However, an opposite trend was observed for pH between 8.0 and 8.5. At pH 7.5-8.0 the removal 
efficiencies of each compound was greater than 80%. These results indicate that the bacteria 
responsible for biodegrading BTEX preferred lower basic conditions. 
 
It is noticed from the different studies discussed (Aly Hassan and Sorial, 2010a; Aly Hassan and 
Sorial, 2009; Aly Hassan and Sorial, 2010b; Zehraoui et al., 2013; Zehraoui et al., 2012; Lu et al., 
2002) that different compounds biodegradation could behave differently under acidic and neutral 
conditions. This is dependent on the type of pollutant, whether the pollutant was in a mixture or 
individually, solubility, and the types of microorganisms that are available at that certain pH. In the 
study by (Aly Hassan and Sorial, 2011) it was observed that n-hexane biodegradation was 
enhanced under acidic conditions rather than neutral due to the presence of fungi at acidic 
environments. However, benzene was observed to perform better under neutral pH conditions (Aly 
Hassan and Sorial, 2008; Aly Hassan and Sorial, 2010b).  
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No studies in the literature were found that evaluated the biodegradation of formaldehyde under 
acidic conditions. To this extent, the performance of a BTF in the biodegradation of formaldehyde 
is unknown. Experiments are needed to investigate formaldehyde biodegradation under acidic 
conditions. This is of importance to this study since ethanol fermentation produces large amounts 
CO2 and that could affect the pH in the BTF in treating the gaseous streams resulting from the 
fermentation process. To better understand the amount of CO2 produced after ethanol fermentation, 
the following balanced chemical equation is the fermentation of ethanol equation:  
                                                                                      𝐶!𝐻!"𝑂!   →     2𝐶!𝐻!𝑂𝐻   +     2𝐶𝑂!     
  
The reactant side of the fermentation equation contains 1 mole of glucose. After fermentation the 
products are 2 moles of ethanol and 2 moles of carbon dioxide. It is shown that for every two moles 
of ethanol produced, two moles of CO2 are also produced. Therefore, it is expected to have large 
amounts of CO2 levels in the gaseous streams resulting from the fermentation tanks. The high 
levels of CO2 of the gaseous stream after fermentation tanks, could affect the pH levels in the BTF. 
Consequently, impacting the performance of the BTF.  
 
To help understand how the CO2 gas could affect the pH, the carbonate systems equations will be 
explained. The CO2 gas is soluble in water and as the temperature increases its solubility decreases 
(Lower, 1999). The solubility of CO2 in water follows Henry’s law: (Lower, 1999)  
                                                                                                         𝐶𝑂! =   0.032𝑃!!!                                     (1) 
When CO2 is dissolved in water, carbonic acid is formed as the following equation: (Lower, 1999) 
[CO2(aq)] = 650 [H2CO3]         (2) 
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Thus what we usually refer to as “dissolved carbon dioxide” consists mostly of the hydrated oxide 
CO2 (aq) together with a small amount of carbonic acid. When it is necessary to distinguish 
between “true” H2CO3 and the equilibrium mixture, the latter is designated by H2CO3*2 (Lower, 
1999).  
 
Water exposed to the atmosphere with PCO2 = 10−3.5 atm will take up carbon dioxide until, from 
equation (1): (Lower, 1999)  
 [H2CO3∗] = 10−1.5 × 10−3.5 = 10−5 M     (3) 
 
The following equilibrium are established in any carbonate-containing solution: (Lower, 1999) 
 
[H+][HCO−3] / [H2CO∗3] = K1 = 10−6.3     (4) 
 
[H+][CO2−3] / [HCO−3] = K2 = 10−10.3     (5) 
 
[H+][OH−] = Kw       (6) 
 
CT = [H2CO3*] + [HCO−3] + [CO2−3]   (mass balance)   (7) 
 
[H+] − [HCO−3] − 2[CO2−3] − [OH−] = 0             (charge balance)  (8) 
 
By combining the preceding equilibria, the following relation between CT and the hydrogen ion 
concentration can be obtained: (Lower, 1999) 
 
[H+] 4 = [H+] 3 K1 + [H+] 2 (CT K1 + K1K2 + Kw) − [H+](CT K2 + Kw) K1 − K1K2Kw = 0        (9) 
	  	  
45	  
 
It is almost never necessary to use this exact relation in practical problems. Because the first acid 
dissociation constant is much greater than either K2 or Kw, we can usually treat carbonic acid 
solutions as if H2CO3 were monoprotic, so this becomes a standard monoprotic weak acid problem 
(Lower, 1999).  
     [H+][HCO−3] / [H2CO3] = K1 = 4.47E–7                (10) 
From the carbonate systems equations, it is noticed that as the partial pressure of CO2 increases, the 
concentrations of the other carbonate species increases, which indicate the decrease of the pH 
levels (Lower, 1999).  
  
2.7 Gas transfer in bio-trickling filter  
	  
	  
This section will include studies that have evaluated the mass transfer values for several 
compounds in a BTF. The trickling liquid in a BTF is an important resistance for oxygen/VOC 
mass transfer from the gas phase to the microorganisms (Estrada et al., 2013). As a result, mass 
transfer limitations could occur and biodegradation of the compounds get affected. The following 
studies have evaluated the mass transfer coefficient and how it could get affected (Estrada et al., 
2013; Kim and Deshusses, 2008). 
 
Estrada et al. (2013) have determined the O2 mass transfer rates (kLa) at different EBRT and liquid 
linear velocity in the packing material (UL). The BTF was packed with polyurethane foam cubes. 
The working volume of the packing was 4 L and the bed was operated at 22°C. The bed was 
operated at EBRTs of 12, 40, 60, 120, and 240s and UL of 0.6, 2, 3, 4, and 5 m h-1. The kLa values 
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obtained ranged from 30 h−1 (at the highest EBRT and lowest UL) to 300 h−1 (at the lowest EBRT 
and highest UL) (Estrada et al., 2013). These results indicate that both the EBRT and the trickling 
liquid velocity affect the mass transfer of O2.  
 
A study by (Kim and Deshusses, 2008) has evaluated the gas film mass transfer coefficient (kGaw) 
and liquid film mass transfer coefficient (kLaw) for BTFs with five different packing materials. The 
packing materials used were lava rock, pall ring, PUF cubes, porous ceramic beads, and porous 
ceramic raschig rings. The BTFs were operated at 20°C. For the determination of kGaw, CO2 was 
used and O2 was used for the determination of kLaw. Gas and liquid velocities were varied in this 
experiment to investigate their effect on the values kGaw and kLaw.  
 
To determine the effect of gas velocity on the mass coefficient, the gas velocity was increased from 
100 to 8000 m h−1 at selected liquid velocities (0.1, 6.3, and 10 m h−1). For the effect of liquid 
velocity on mass transfer, the trickling velocity was varied between 0.1 and 12 m h−1 at four gas 
velocities (100, 20, 2500 or 4700 m h−1) (Kim and Deshusses, 2008).  The kGaw values ranged from 
about 100 h−1 up to about 8000 h−1, depending on the packing and the conditions (Kim and 
Deshusses, 2008). Highest kGaw values were in porous ceramic beads, followed by lava rocks, 
ceramic rings, plastic rings and PUF. It can be noted that at higher liquid velocity rates, higher 
mass coefficients were obtained due to the wetting effect of the packing. It was also observed that 
if wetting is complete (media reached optimal liquid velocity) there are only small improvements 
in the value of kGaw. The optimal liquid velocity for this experiment was 6.3 m h-1. An exception 
that was observed was with the PUF packing material. Since PUF is very porous, the effect of 
increasing liquid velocity beyond a liquid velocity of 6.3 m h-1 has increased the kGaw value 
considerably. 
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The values of kLaw ranged from about 1 to 300 h−1 depending on the packing and the conditions 
(Kim and Deshusses, 2008). All packing materials showed a strong linear relationship between 
kLaw and liquid velocity except for the porous rings at the lowest gas velocity (Kim and Deshusses, 
2008). The porous ceramic bead had the highest kLaw followed closely by lava rock and porous 
ceramic ring, PUF and pall rings, which had 6 to10, fold lower kLaw (Kim and Deshusses, 2008). 
 
It is to be noted that both studies (Estrada et al., 2013; Kim and Deshusses, 2008) have suggested 
the need of further research to determine the mass transfer coefficients. More studies are needed to 
look into other packing materials. The packing material used in our study is diatomaceous earth. 
However, no studies have been found regarding the mass transfer coefficients for this particular 
packing material. Both studies indicated that the wetting effect (increase of liquid velocity) 
increases the mass transfer coefficients as long as the there is no flooding occurring to the packing 
material.     
 
2.8 Summary of literature review  
	  
The studies discussed in Section 2.3 (Fulazzaky et al., 2013; Talaiekhozani et al., 2016; Xu et al., 
2010; Rezaei et al., 2015; Maldonado-Dias and Arriaga 2015; Jamshidi et al., 2017; Teh and 
Mahmood 2013; Chen et al., 2010) all have studied formaldehyde biodegradability at ambient 
temperatures. No studies that are known of have studied the formaldehyde biodegradation at 
elevated temperatures. The biodegradation of formaldehyde at elevated temperatures will be 
discussed in Chapter 3 of this thesis.  
 
	  	  
48	  
Achieving high ECs are possible for formaldehyde. The studies by (Maldonado-Dias and Arriaga 
2015) and (Teh and Mahmood 2013) have both reported the highest ECs of 126 and 276 g m-3 h-1. 
However, both of the studies have used the formalin as a source of formaldehyde, but both did not 
report the polymerization of formaldehyde. Formaldehyde polymerizes and forms 
paraformaldehyde and this will be discussed further in Chapter 3 of this thesis.  
 
Studies in Section 2.4 (Aly Hassan and Sorial 2011; Prado et al., 2004; Prado et al., 2008; Rene et 
al., 2010) investigated the biodegradation of a mixture of compounds. It can be noted that the 
biodegradation of a mixture could favor one of the compounds over the other. Increasing the LR of 
one of the compounds could effect the removal of the other compounds by reduced removal.  
 
In Section 2.5, the biodegradability of the compounds was investigated at elevated temperatures 
(Zhang et al., 2015; Moussavi et al., 2009; Han et al., 2016; Cox et al., 2001; Duerschner, 2019; 
Kong et al., 2001; Zamir et al., 2015; Ryu et al., 2009; Wei et al., 2015). Temperature plays a role 
in the ability for microorganism to biodegrade compounds. Having a thermophilic microbial 
culture is important to biodegrade compounds at elevated temperatures since thermophilic 
microorganisms strive at elevated temperatures. In addition, the solubility of compounds decreases 
with increasing temperatures (Duerschner, 2019). This results in a lower biodegradability of some 
compounds as seen in the study by (Duerschner, 2019).  
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CHAPTER 3: BIOFILTRATION OF FORMALDHYDE  
	  
3.1 Introduction  
 
Ethanol manufacturing is an important industry in the United States. The United States Congress 
passed a law in 2007 that mandates production of renewable biofuels to reach 36 billion gallons by 
2022 (U.S. Congress, 2007). According to the United States congress, Around 15 billion of the 36 
billion gallons should be derived from cellulosic feedstock. Ethanol manufacturing produces 
several volatile organic compounds (VOCs) such as plants, which include acetaldehyde, acrolein, 
formaldehyde, methanol, ethanol, and acetic acid Brady and Pratt (2012). The US Environmental 
Protection Agency (EPA) lists 187 pollutants as Hazardous Air Pollutants (HAPs) (USEPA, 
2017a). Formaldehyde is a major HAP of concern. The United States EPA limits the emissions for 
an entire ethanol plant to 10 tons per year (tpy) for an individual HAP and 25 tpy for the total 
HAPs (US Environmental Protection Agency, 2016). 
 
To control the HAPs the U.S EPA have identified the best available control technologies (BACT) 
(US Environmental Protection Agency, 2016). The traditional technologies used to control 
emissions from ethanol plants are regenerative thermal oxidizers (RTOs) and CO2 scrubbers. Both 
methods require a lot of energy input and could be costly to operate. In a personal communication 
with an ethanol plant director (Lyndon J., 2019), it was highlighted that the RTOs maintenance cost 
around $1 million per year. Natural gas is combusted to heat the RTO. An average size for an RTO 
is approximately 18 MMBtu/hr, which will burn about 155 million standard cubic feet (SCF) of 
natural gas per year (Nester, 2007). To give an estimate of the cost of natural gas per year a 
conservative price of $4.00 per 1,000 SCF is used, which will result in a cost of over $600,000 per 
year to operate the RTO (U.S. Energy Information Administration, 2019b).  
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Bio-trickling filters (BTFs) are an attractive solution that could replace the BACT used at ethanol 
plants (Duerschner, 2019). BTFs are packed beds where the packing is a biologically active 
material or an inert material used for biofilm to attach on (Crocker and Schnelle, 1998; Delhoménie 
and Heitz, 2005; Gabriel and Deshusses, 2003; Duerschner, 2019). As the contaminants move 
along the BTF, the contaminants gets absorbed in the aqueous layer and then it gets biodegraded in 
the biofilm layer. To ensure microbial growth, a trickling liquid with nutrients and minerals is used 
along the bed (Gabriel and Deshusses, 2003).  
 
Formaldehyde is a HAP emitted from both fermenters and dryers at ethanol plants. The waste gases 
from the fermentation process are emitted at a temperature lower than 35°C. The exhaust gases 
from the drying process are usually emitted in a range of temperature between 100 to 140°C. The 
exhaust gases from the drying process are then passed through a cyclone that cools the gases to a 
temperature range of 40 to 55°C (Chen et al., 2010).  
 
Formaldehyde bio-filtration was evaluated in several studies (Fulazzaky et al., 2013; Talaiekhozani 
et al., 2016; Xu et al., 2010; Rezaei et al., 2015; Maldonado-Dias and Arriaga 2015; Jamshidi et al., 
2017; Teh and Mahmood 2013; Chen et al., 2010). However, all the studies have only evaluated 
the bio-filtration of formaldehyde at ambient temperatures. No studies that are known of have 
evaluated the formaldehyde biodegradation at elevated temperatures. Additionally, several of these 
studies have used formalin as sources of influent formaldehyde (Rezaei et al., 2015; Maldonado-
Dias and Arriaga 2015; Teh and Mahmood 2013) but none of the studies have reported the 
polymerization of formaldehyde into paraformaldehyde in the gaseous state.  
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For this study, formaldehyde biodegradation was evaluated in two parallel BTFs. One at ambient 
temperatures (25°C) called the mesophilic BTF and one at elevated temperatures (60°C) called the 
thermophilic BTF. The purpose of evaluating the biodegradation at the two temperatures was to 
simulate the emissions coming out from both the fermenters and the dryers. The removal efficiency 
of the BTFs was evaluated with increasing loading rates. Since, formaldehyde and methanol co-
exist in the formalin solution used in this experiment, the biodegradation of methanol was also 
evaluated.  
 
3.2 Depolymerization of formaldehyde  
	  
The solution used to create the formaldehyde vapors is called formalin. Formalin contains 37% by 
volume formaldehyde and 10-15% by volume methanol. It was challenging to create the 
formaldehyde vapors due to the polymerization of formaldehyde. Longer chain paraformaldehyde 
of up to 100monomer units is insoluble and exists as a white waxy powder (Kiernan, 2000). The 
polymerization inhibits the infusion of stable influent formaldehyde concentrations to the BTF. As 
a result the polymerization needed to be successfully reduced.  
 
In the literature, previous studies that have used the formalin solution to create formaldehyde 
vapors (Prado et al., 2004; Chen et al., 2010; Teh and Mahmood, 2013; Rezaei et al., 2015; 
Talaiekhozani et al., 2016) did not report the occurrence any polymerization of formaldehyde. 
Additionally, no methods of formaldehyde depolymerization were acknowledged in these studies.  
 
To eliminate the polymerization of formaldehyde, a study by (Kiernan, 2000) indicated that adding 
a hydroxide source (such as NaOH) with buffering the paraformaldehyde to a pH between 7.00-
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7.40 and heating the solution to 60°C can help reduce the polymerization (Kiernan, 2000). Adding 
the base with the heating prevents the formation of paraformaldehyde, which is the white 
precipitate, formed.  
 
This procedure was implemented herein. A solution of 1 M NaOH was used as the hydroxide 
source. Phosphate buffer was used to help maintain the pH levels in the formalin solution between 
7.00-7.40. The solution was heated prior to usage in a water bath at 60°C.  
	  
3.3 Materials and Methods 
 
 
3.3.1 Bio-trickling Filter 
	  
Two BTFs were operated in parallel. In each BTF media consisting of (0.3” - 0.5”) pellets of 
diatomaceous earth (Celite 6mm R-635 Bio-Catalyst Carrier; Celite Corp., Lompoc, CA), was 
housed in a three-inch internal diameter glass column. The media has a mean pore diameter of 20 
µm, BET surface area of 0.27 m2/g, and a bed density of 513 kg/m3. It consists mainly of SiO2 with 
a significant fraction of Al2O3.  
 
 One BTF was operated at room temperature of 20°C called the mesophilic BTF. The other BTF 
was operated at 60°C called the thermophilic BTF. The heated BTF is heated by using a heating 
tape and controlled via BriskHeat X2-120JTP Single Zone PID Temperature controller.  
 
The beds were seeded with microorganisms. The mesophilic BTF bed was submerged overnight in 
return activated sludge obtained from the local wastewater treatment plant, while the thermophilic 
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bed was submerged overnight with cooking compost slurry. The compost was taken from yard 
waste from the center of a windrow, and then it was mixed with water to create the slurry. Two g/L 
of glucose was added to both BTFs overnight. Afterwards, both BTFs were used for the 
degradation of acetaldehyde (Duerschner, 2019).  
 
The columns extend for 3 inches (7.6 cm) above the top of the packing material, where the 
formaldehyde-laden air was introduced at the top to allow uniform mixing. Each BTF is equipped 
with sampling ports located at packed depths of 4.5 (11.4 cm), 13.5 (34.3 cm), 22.5 (57.2 cm), 31.5 
(80.0 cm), and 36 inches (91.4 cm). For the thermophilic BTF, a thermocouple was inserted at bed 
depth of 22.5 inches (57.2 cm) to better control the temperature; therefore no samples were taken at 
that depth. All connections are airtight. Air from any sampling port can be directed for analysis to 
either a Nicolet IS20 FTIR spectrometer equipped with a gas cell or a 490 µ-GC equipped with a 
thermal conductivity detector and a two-channel module.  
 
3.3.2 Gas Delivery System 
	  
Figure 3.1 demonstrates the apparatus used to test the formaldehyde laden air concentration.	  House 
air is filtered through a Parker Filtration 2000 series compressed air and Balston sterile air filter 
followed by a Parker compressed air gas water separator. The air is filtered to avoid any impurities 
that affect the volatilization of formaldehyde. Following filtration, the air stream is split, and 
flowrate is regulated to 8 L/min (corresponds to an EBRT of 32 seconds) by two Aalborg mass 
flow controllers (Orangeburg, New York). Liquid formalin (contains 37% formaldehyde by weight 
and 10-15% of methanol as a stabilizer) is infused into the air stream through a septum housed in a 
stainless-steel tee union. A Harvard Apparatus Pump 11 Elite syringe pump (Holliston, MA) and 
luer lock tip syringes were used to regulate the infusion. Sodium hydroxide (NaOH) and a 
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phosphate buffer were added to the formalin solution contained in the syringes to pH between 7.2-
7.4 and it was heated at 60 °C to minimize polymerization of formalin.   
 
Figure 3.1: Experimental Apparatus of Formaldehyde Experiment 
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3.3.3 Nutrient Delivery System  
	  
Nutrient/buffer solution is delivered to the BTF beds intermittently by a pump and timer-controlled 
solenoid valves. The nutrient solution, which is used for a once-through flow and was not recycled, 
consists of essential inorganic salts and vitamins necessary to grow microorganisms. A fresh five-
gallon batch of nutrient solution is prepared every five days. A pressure valve and a misting nozzle 
control the pipe delivering solution to the BTF. The valve is opened for 5 seconds on a 5-minute 
cycle controlled by the timer. The composition of the nutrient solution is similar to the reported by 
Sorial et al. (1997). A detailed description of the components of the nutrient solution is provided in 
the supplemental material in Table B1.  
 
3.3.4 Sampling Setup 
	  
To detect the formaldehyde gas concentrations, a Nicolet IS20 FTIR spectrometer obtained from 
ThermoFischer was used. The FTIR was equipped with a 2-meter gas cell. The gas cell volume is 
200 mL and was kept at a temperature of 161°C to avoid condensation in the walls. Nitrogen gas 
was used to keep the instrument at constant purge to eliminate any condensation in the instrument 
or in the gas cell. The resolution of 0.5 cm-1 was chosen to provide a high measurement resolution. 
A 64 scans procedure was chosen to ensure high sensitivity and eliminate noise associated with 
sample spectrum. The sample was allowed about 10 minutes to fill the 200 mL gas cell flowing at 1 
L/min. Then the inlet and outlet valves of the gas cell were closed for 5 minutes. The reason for 
that is stabilize the sample temperature inside the gas cell for better detection of the formaldehyde 
and to avoid condensation along the walls of the gas cell. The wavelength range used for detection 
of formaldehyde spectrum was determined to be between 2657.0-2784.0 cm-1. All of the 
formaldehyde detections were taken in three replicates. Samples from influent and effluent were 
taken daily.  
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The 490 µ-GC equipped with a thermal conductivity detector and a two-channel module was used 
to detect CO2, N2, and O2. The first channel detects the N2, and O2 and the second channel detects 
the CO2 gas. The first channel contained a 10 m MS5A heated injector maintained at 60 °C with a 
channel temperature of 75°C. The second channel contained a 4m PPQ module with an injector 
temperature of 50 °C and a column temperature of 55 °C. For both channels, the sample inline 
temperature was 35 °C and the injection pump run time was 5 sec.  
 
The liquid effluent was used to analyze Volatile Suspended Solids (VSS) and Chemical Oxygen 
Demand (COD). VSS was determined using Methods 2540 D and 2540 E in Standard Methods 
(APHA, 2005), COD was determined using HACH (Loveland, Colorado) 820 vials. Nitrate was 
determined using standard methods provided by (Goldman and Jacobs, 1961; Navone, 1964; 
Hoather and Rackham, 1959) All samples were taken in triplicates.  
 
3.4 Results and Discussion  
 
 
Each BTF was operated at a constant formaldehyde influent concentration that was increased in a 
stepwise manner. A total of three phases were investigated corresponding to influent concentrations 
of 20, 50, and 100 ppmv. Table 3.1 lists duration of operation, influent concentration, loading rate, 
elimination capacity, and removal efficiency for both BTFs. Variability of the influent 
concentration was observed due to partial polymerization of formaldehyde to form 
paraformaldehyde; especially at higher concentrations. The actual measured concentrations for the 
mesophilic BTF were 14.0±6.1, 34.5±20.2, and 92.5±5.6 ppmv at Phases I, II, and III, 
respectively. Similarly, for the thermophilic BTF, the actual measured concentrations in ppmv were 
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16.0±9.1, 36.6±21.1, and 100.2±8.9 at Phases I, II, and III, respectively. The measured 
concentrations are an average of three samples taken each day of the operating days. 
   
Table 3.1: Different phase of operation including duration, influent concentration, loading rate, 
elimination capacity, and removal efficiency for both mesophilic and thermophilic BTFs. Error 
ranges represent one standard deviation. 
 
 
Figure 3.2 shows the loading rate versus the elimination capacity for both BTFs throughout the 
three phases. The loading rate and elimination capacity along the bed depths have also been 
considered in Figure 3.2. However, the points from Phase II at bed height 4.5 inches (11.4 cm) 
were not added to Figure 3.2. This is due to the high variability of influent formaldehyde 
concentrations at Phase II, which lead to lower removal at that port. Further discussion of influence 
of bed height of the removal efficiency will be provided in Section 3.4.5. For both BTFs the 
elimination capacity has increased proportionally with the loading rate. From Figure 3.2, if a 
complete degradation occurs the data points would lay on the 1:1 line. A maximum elimination 
capacity was not established for this study. The highest elimination capacity recorded was 60.0 g 
m-3 h-1. It is expected that a higher elimination capacity will be reached at higher loading rates. For 
this study, it was not possible to operate the BTF at higher loading rates due to the polymerization 
Phase Duration 
(Days) 
Target Influent 
Concentration 
(ppmv) 
Average 
Loading 
Rate 
(g m-3 h-1) 
Average 
Elimination 
Capacity 
(g m-3 h-1 ) 
Average Removal 
Efficiency 
(%) 
Mesophilic BTF 
I 16 20 2.4±1.8 2.2±1.6 90.1±12.4 
II 18 50 6.4±3.7 5.87±3.3 99.0±2.0 
III 12 100 17.6±1.5 17.0±1.8 99.5±0.7 
Thermophilic BTF 
I 16 20 2.3±1.5 2.1±1.5 97.0±6.0 
II 18 50 6.8±4.0 6.8±3.9 92.0±10.0 
III 12 100 18.3±1.1 18.2±1.2 96.7±3.0 
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of formaldehyde and keeping a constant influent concentration at higher loading rats. However, at 
typical ethanol plants emissions of 21 ppmv from fermentation tanks and 30 ppmv from dryers 
(Brady and Bratt, 2012), the BTFs have completely degraded the formaldehyde. Additionally, 
formaldehyde has never been studied at thermophilic conditions. The performance of both BTFs 
decreases at higher formaldehyde loading rates.  
 
 
Figure 3.2: Loading rate versus elimination capacity curves for each BTF.  
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3.4.1 Performance of Mesophilic BTF 
 
 
Figure 3.3 demonstrates the effect of the influent formaldehyde concentration on the efficiency of 
the mesophilic BTF at the three phases. Complete removal of formaldehyde was achieved. During 
acclimation period for Phase I, where the target concentration was 20ppmv, an average removal 
efficiency of 74% was recorded. The acclimation period is needed for the microorganisms that can 
to biodegrade the formaldehyde to grow and dominate the microbial community available. The 
removal efficiency increased on the 5th day to 94% after which it never dropped lower than 80%. 
The average removal efficiency for the entire phase was 90.1±12.4. The highest recorded 
elimination capacity for Phase I was 4.9 g m-3 h-1.  
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(a) Phase I 
 
(b) Phase II 
 
(c) Phase III 
 
Figure 3.3: Influence of influent formaldehyde concentration on the mesophilic BTF removal 
efficiency. (a) Phase I, (b) Phase II, (c) Phase III. Solid line represents target influent concentration.  
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For Phase II, the target concentration was 50ppmv. The removal efficiency never dropped lower 
than 93% for the entire duration. The average removal efficiency for the entire phase was 
99.0±2.0. The highest recorded elimination capacity for phase II was 15.2 g m-3 h-1. For Phase III, 
the target concentration was 100ppmv. The removal efficiency never dropped lower than 98% for 
the entire duration. The average removal efficiency for the entire phase was 99.5±0.7. The highest 
recorded elimination capacity for phase III was 20.4 g m-3 h-1. Variability of influent formaldehyde 
concentrations was observed in Phases I and II. However, for Phase III, the influent formaldehyde 
concentration was maintained to the target influent concentration. The variability of the influent 
formaldehyde concentration, has affected the removal efficiency along the bed height.  
 
For the three phases the average volatile suspended solids (VSS) values for the effluent liquid were 
20.3±6.4, 40.3±22.2, and 77.6±20.2 mg/L for Phases I, II, and III respectively. The VSS 
increased with increasing loading rates. This suggests an increase of biomass with the increase of 
concentration in the effluent liquid. Effluent COD in mg/L averaged 9.4±11, 33.5±16.3, and 
58.4±2.9 for Phases I, II, and III respectively. The COD of the nutrient solution in the holding tank 
was assumed to be zero. The source of the COD in the effluent liquid is the soluble fraction of the 
HAP and their biodegradation byproducts. The effluent COD will be discussed further in Section 
3.3.4.   
 
The pH of the holding tank was on average 8.23±0.32 for all the three phases. The average pH for 
the effluent liquid is 8.72±0.05, 8.85±0.11, and 8.94±0.57 for Phases I, II, and III, respectively. 
An increase in the pH was observed for the three phases. It is expected due to the aerobic 
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biodegradation of formaldehyde. No acidification in the bed was observed as was noted in previous 
studies (Maldonado-Dias and Arriaga 2015; Chen et al., 2010).   
 
Nitrate was also measured for this study. The purpose of it was to investigate the uptake of nitrate 
by the microorganisms from the nutrient solution. The nutrient solution in the holding tank nitrate 
concentration was fixed at 495 mg/L. The actual measured nitrate concentration in the holding tank 
was 467.8±45.6  mg/L. The actual measured nitrate concentration in the effluent liquid throughout 
the three phases were 365.7±72.6, 211.8 ±54.3, and 183.6±68.3 for Phases I, II, and III 
respectively. As expected the nitrate uptake by the microorganisms increased with the increasing 
formaldehyde concentration throughout the three phases.  
 
3.4.2 Performance of Thermophilic BTF 
 
 
Figure 3.4 demonstrates the effect of the influent concentration on the efficiency of the 
thermophilic BTF at the three phases. As seen in the figure, complete removal of formaldehyde 
was achieved throughout the three phases. . For Phase I, the target concentration was 20ppmv. The 
average removal efficiency for the entire phase was 97.0±6.0. The highest recorded elimination 
capacity for phase I was 5.4 g m-3 h-1. Inconsistent loading affected the BTF removal efficiency. 
However, the removal efficiency never dropped more than 76%.  
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(a) Phase I 
 
(b) Phase II 
 
(c) Phase III 
 
Figure 3.4: Influence of influent formaldehyde concentration on the thermophilic BTF removal 
efficiency. (a) Phase I, (b) Phase II, (c) Phase III. Solid line represents target influent concentration. 
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For Phase II, the target concentration was 50ppmv. The average removal efficiency for the entire 
phase was 92.0±10.0. The removal efficiency never dropped more than 76%. The highest recorded 
elimination capacity for Phase II was 14.1 g m-3 h-1. For phase III, the target concentration was 
100ppmv. The average removal efficiency for the entire phase was 96.7±3.0. The removal 
efficiency never dropped more than 92%. The highest recorded elimination capacity for Phase III 
was 20.6 g m-3 h-1. Variability of influent formaldehyde concentrations was also observed for 
Phases I and II, as it was the case for the mesophilic BTF. For Phase III minimum variability was 
noticed.  
 
For the three phases the average VSS values for the effluent liquid were 10.2±7.3, 17.2±11.6, and 
43.1±9.3 mg/L for Phases I, II, and III, respectively. The VSS increased with increasing loading 
rates suggesting an increase in biomass. Effluent COD in mg/L averaged 14.2±4.0, 45.9±7.0, and 
116.25±44.2 for Phases I, II, and III, respectively.   
 
The average pH for the effluent liquid is 8.33±0.12, 8.54±0.0.34, and 8.73±0.55 for Phases I, II, 
and III, respectively. An increase in the pH was observed for the three phases. It is expected due to 
the aerobic biodegradation of formaldehyde. No acidification in the bed was observed similarly 
with the mesophilic BTF.  
 
The influent nitrate in the holding tank and their measured values are similar to what was reported 
for the mesophilic BTF in Section 3.4.1. The actual measured nitrate concentration in the effluent 
liquid throughout the three phases were 377.0±45.3, 264.5 ±53.8, and 205.5±49.5 for Phases I, II, 
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and III, respectively. More nitrate uptake was observed at higher influent formaldehyde 
concentrations. This is expected due higher added carbon coming from the influent formaldehyde.  
 
3.4.3 Biodegradation of methanol  
	  
Methanol and formaldehyde co-exist in the formalin solution. Methanol is used as a stabilizer in 
the formalin solution, to prevent formaldehyde from polymerizing and volatilizing. Formalin 
contains around 10% by volume methanol. For this study, methanol biodegradability was 
investigated alongside the formaldehyde.  
 
Phases II and III correspond to an influent methanol concentrations of 12, and 24.5 ppmv, 
respectively. Due to technical difficulties data for Phase I was not available for extraction. Table 
3.2 lists duration of operation, influent concentration, loading rate, elimination capacity, and 
removal efficiency for methanol for both BTFs. The actual measured concentrations for the 
mesophilic BTF were 16.4±8.8, and 26.1±5.9 ppmv at Phases II, and III, respectively. Similarly, 
for the thermophilic BTF, the actual measured concentrations in ppmv were 19.6±9.7, and 
26.9±7.0 at Phases II, and III, respectively. The measured concentrations are an average of three 
samples taken each day of the operating days. 
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Table 3.2: Different phase of operation including duration, influent concentration, loading rate, 
elimination capacity, and removal efficiency for both mesophilic and thermophilic BTFs for 
methanol biodegradation. Error ranges represent one standard deviation 
 
Phase Duration 
(Days) 
Target Influent 
Concentration 
(ppmv) 
Average 
Loading 
Rate 
(g m-3 h-1) 
Average 
Elimination 
Capacity 
(g m-3 h-1 ) 
Average Removal 
Efficiency 
(%) 
Mesophilic BTF 
II 18 12 3.5±1.9 3.4±1.9 97.6±3.3 
III 12 24.5 5.5±1.2 5.4±1.2 97.1±6.1 
Thermophilic BTF 
II 18 12 3.7 ±1.8 3.4±1.8 92.8±5.0 
III 12 24.5 5.0±4.9 5.4±1.2 97.9±3.7 
 
 
Figure 3.5 shows the elimination capacity versus the loading for the biodegradation of methanol for 
both BTFs through Phases II and III. The loading rate and elimination capacity along the bed 
depths have also been considered in Figure 3.5. For both BTFs the elimination capacity has 
increased proportionally with the loading rate. From Figure 3.5, if a complete degradation occurs 
the data points would lay on the 1:1 line. A maximum elimination capacity was not established for 
this study. The highest elimination capacity recorded for methanol was 13.0 g m-3 h-1.  
  
Figure 3.6 demonstrates the effect of the influent methanol concentration on the efficiency of the 
mesophilic BTF at the Phases II, and III. Complete removal of methanol was achieved. For phase 
II, the target methanol concentration was 12ppmv. The average removal efficiency for the entire 
Phase was 97.6±3.3. The removal efficiency never dropped more than 86%. The average 
elimination capacity for Phase II was 3.4±1.9 g m-3 h-1. For Phase III, the target concentration was 
24.5 ppmv. The average removal efficiency for the entire Phase was 97.1±6.1. The removal 
efficiency never dropped more than 82%. The average elimination capacity for Phase III was 
5.4±1.2 g m-3 h-1.   
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Figure 3.7 demonstrates the effect of the influent methanol concentration on the efficiency of the 
thermophilic BTF at the Phases II, and III. Complete removal of methanol was achieved. For phase 
II, the target methanol concentration was 12 ppmv. The average removal efficiency for the entire 
phase was 92.8±5.0. The removal efficiency never dropped more than 86%. The average 
elimination capacity for phase II was 3.4±1.8 g m-3 h-1. For Phase III, the target concentration was 
24.5 ppmv. The average removal efficiency for the entire phase was 97.9±3.7. The removal 
efficiency never dropped more than 82%. The average elimination capacity for Phase III was 
4.9±1.2 g m-3 h-1.   
 
 
Figure 3.5: Loading rate versus elimination capacity for methanol degradation.  
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 (a) Phase II 
 
(b) Phase III 
 
Figure 3.6: Influence of influent methanol concentration on the mesophilic BTF removal efficiency 
(a) Phase II, (b) Phase III. Solid line represents target influent concentration. 
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(a)	  Phase II	  
	  
(b) Phase III 
Figure 3.7: Influence of influent methanol concentration on the thermophilic BTF efficiency and 
elimination capacity. (a) Phase II, (b) Phase III. Solid line represents target influent concentration. 
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3.4.4 Carbon Mass Balance  
 
The carbon mass balance is illustrated in Figure 3.7 for each BTF. The only source of input carbon 
in this figure is the feed of gaseous formaldehyde and methanol. The aerobic biodegradation of 
both formaldehyde and methanol convert the compounds to CO2. Inorganic carbon sources are not 
considered. The house air used to volatilize formaldehyde contains CO2, however, the influent CO2 
is considered by subtracting its value from the effluent CO2. The effluent carbon in the gas phase 
includes the CO2, formaldehyde, and methanol that were not fully degraded. The effluent carbon in 
the liquid phase consists solely of COD. The COD is a broad group that includes microorganisms, 
soluble byproducts, and dissolved formaldehyde.  
 
From Figure 3.8, it is shown that with an increase in influent loading rate an increase in effluent 
CO2 and COD was observed. This explains that with increasing loading rates higher elimination 
capacities are obtained. The COD contribution for the undegraded formaldehyde and methanol is 
not accounted, since the bottles where effluent liquid is kept, were open to the atmosphere where 
formaldehyde and methanol can volatilize easily. Since there are no byproducts expected, the COD 
in the effluent water accounts for the microorganisms found in the effluent liquid. VSS values from 
Sections 3.3.1 and 3.3.2 increased with increasing loading rates for both BTFs. The VSS values 
also are consistent with the increase of COD noticed when loading rates were increased.  
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(a) (b) 
Figure 3.8: Carbon mass balance for (a) Mesophilic BTF (25 °C) and (b) Thermophilic BTF (60 
°C). The line plot shows the amount of influent carbon to each BTF and the stacked bar graph 
shows the composition of carbon in effluent sources.  
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3.4.5 Influence of Bed Height on Removal Efficiency  
 
Figure 3.9 illustrates the removal efficiency along the BTF height. The x-axis of the graph show 
the EBRTs of 0, 3.9, 12, 19.5, 27, and 31.3 seconds which correspond to packed depths of 0, 4.5 
(11.4 cm), 13.5 (34.3 cm), 22.5 (57.2 cm), 31.5 (80.0 cm), and 36 (91.4 cm) inches. It is expected 
that most of the biodegradation of formaldehyde occurs at the 3 sec EBRT. For the thermophilic 
BTF, no samples were taken at the EBRT of 23 sec sampling port due to its replacement with a 
thermocouple to control the temperature of the thermophilic BTF. For Phase I it can be noticed 
from the graph that most of the biodegradation happened at the 3 sec EBRT, which is expected. 
The only difference between the thermophilic and the mesophilic BTFs is that for the thermophilic 
BTF more than 70% removal was achieved at the 3 sec EBRT whereas, for the mesophilc BTF a 
100% removal was achieved.   
 
Figure 3.9: Influence of bed height on the removal efficiency for both BTFs at the three phases of 
operation. Dashed lines represent thermophilic BTF. Straight lines represent mesophilic BTF.  
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For Phase II, the mesophilic BTF had its most biodegradation at the 3 sec EBRT with over 60% 
removal was achieved. However, for the thermophilic BTF most of the biodegradation occurred at 
the 13 sec EBRT with around 60% removal achieved. This is due to the increased variability of 
influent formaldehyde concentrations, where spikes in concentrations of formaldehyde were 
observed. The spikes affect the microorganism’s adaptation to constant concentrations of 
formaldehyde, which lead to lower performance as it was observed at Phase II for the thermophilic 
BTF. If a more controlled influent formaldehyde concentration was maintained, the removal 
efficiency is expected to be higher at EBRT 3.9s.  
 
For Phase III, the mesophilic BTF achieved the most biodegradation at the 3 sec EBRT with over 
55% removal. However, for the thermophilic BTF most of the biodegradation occurred at the 13 
sec EBRT with around 80% removal was achieved. The results suggest that with increasing EBRT, 
the removal percentage increases for each phase. Additionally, increasing the concentration will 
decrease the removal at the first EBRT of 3 sec.   
 
3.4.6 Biodegradation of formaldehyde at 16°C and 40°C  
	  
 
This section will encompass the results from the biodegradation of formaldehyde at 16°C and 
40°C. The same operating conditions were kept similar to Phase III of operation except the change 
of temperature. The target influent formaldehyde concentration was 100 ppmv. The actual 
measured influent concentrations for BTF at 16°C and 40°C were 109.0±20.8 and 108.0±12.5 
ppmv, respectively.  
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Figure 3.10 shows the loading rate versus the elimination capacity for both BTFs. The loading rate 
and elimination capacity along the bed depths have also been considered in Figure 3.10. If a 
complete removal is to be established the point will lay on the 1:1 line shown in Figure 3.10. It is 
illustrated from Figure 3.10 that as the loading rate increases the elimination capacity increases. A 
maximum elimination capacity was established for the BTF at 40°C at 30 g m-3 h-1. For the BTF at 
16°C no maximum elimination capacity was established, however the highest reported elimination 
capacity was 45.0 g m-3 h-1. The temperature change has affected the removal efficiencies of both 
BTFs when compared to the mesophilic and thermophilic BTFs discussed previously.   
 
 
Figure 3.10 Loading rate versus elimination capacity for BTFs at 16°C and 40°C.  
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Figure 3.11 shows the influence of the influent formaldehyde concentration on the removal 
efficiencies of BTFs at 16°C and 40°C. The average removal efficiency for the entire Phase for the 
BTF at 16°C was 76.7±18.2 %. The lowest removal was 30% on day 3 of operating the BTF. 
However, the removal efficiency did not get lower than 40.0% afterwards. The average elimination 
capacity for the BTF at 16°C was 12.1±3.3 g m-3 h-1 at average loading rate of 15.8±2.9 g m-3 h-1. 
For the BTF operated at 40°C, the average removal efficiency for the entire days of operation was 
76.2±21.2. The average elimination capacity for the BTF at 40°C was 11.1±3.3 g m-3 h-1 at 
average loading rate of 14.5±1.7 g m-3 h-1.  
 
The average VSS for both BTFs at 16°C and 40°C were 139.3±50.8 and 89.9±2.9 mg/L, 
respectively. . Effluent COD in mg/L averaged 191.75±71.5, and 223.9±40.2 for BTFs at 16°C, 
and 40°C, respectively. The average pH for the effluent liquid is 8.75±0.38, and 8.67±0.41 for 
BTFs at 16°C and 40°C, respectively. The average nitrate in the effluent liquid averaged for the 
BTFs at 16°C and 40°C was 192.4±83.2, and 220.2±67.3 mg/L, respectively.  
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(a) BTF at 16°C 
	  
	  
(b) BTF at 40°C 
	  
Figure 3.11 Influence of influent formaldehyde concentration on the BTF performance. (a) BTF at 
16°C. (b) BTF at 40°C.  
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Methanol biodegradation was also investigated in this study. Figure 3.12 shows the loading rate of 
methanol versus the elimination capacity. From Figure 3.12, as the loading rate increases the 
elimination capacity of methanol increases. No maximum elimination was established, however the 
highest elimination capacity recorded for both BTFs at 16°C and 40°C was 30.0 and 23.6 g m-3 h-1, 
respectively.  
 
 
Figure 3.12 Loading rate versus elimination capacity for methanol biodegradation.  
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Higher elimination capacities were obtained for the BTFs at 16°C and 40°C in comparison to the 
mesophilic and the thermophilic BTFs discussed previously. A reason for this observation was the 
higher variations of methanol influent concentration as shown in Figure 3.13. From Figure 3.13, it 
can be noticed from operating days between 5-10 days and operating days between 15-25 days the 
influent methanol concentration was higher than the target influent methanol concentrations for the 
BTF at 16°C. This explains the reason to obtaining higher elimination capacities in comparison to 
the mesophilic BTF where the variations of influent methanol concentrations were not as high. The 
variations were also observed for the BTF at 40°C, which explains the higher elimination capacity 
noticed due to higher varied loading rates of methanol. The average removal efficiency for both 
BTFs at 16°C and 40°C was 84.6±17.9% and 77.7±20.3%, respectively.  
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(a) BTF at 16°C 
 
 
(b) BTF at 40°C 
 
Figure 3.13 Influence of influent methanol concentration on the BTF performance. (a) BTF at 
16°C. (b) BTF at 40°C.  
 
	  
0.0%	  
10.0%	  
20.0%	  
30.0%	  
40.0%	  
50.0%	  
60.0%	  
70.0%	  
80.0%	  
90.0%	  
100.0%	  
0.0	  
10.0	  
20.0	  
30.0	  
40.0	  
50.0	  
60.0	  
0	   5	   10	   15	   20	   25	  
RE
	  (%
)	  
Co
nc
en
tr
a/
on
	  (p
pm
v)
	  
Cumali/ve	  Days	  
Influent	  
Concentra;on	  
Effluent	  
Concentra;on	  
Target	  Influent	  
Concentra;on	  
Removal	  Efficiency	  	  
0.0%	  
10.0%	  
20.0%	  
30.0%	  
40.0%	  
50.0%	  
60.0%	  
70.0%	  
80.0%	  
90.0%	  
100.0%	  
0.0	  
5.0	  
10.0	  
15.0	  
20.0	  
25.0	  
30.0	  
35.0	  
40.0	  
45.0	  
50.0	  
0	   5	   10	   15	   20	   25	  
RE
	  (%
)	  
Co
nc
en
tr
a/
on
	  (p
pm
v)
	  
Cumali/ve	  Days	  
Influent	  
Concentra;on	  
Effluent	  
Concentra;on	  
Target	  Influent	  
Concentra;on	  
Removal	  Efficiency	  	  
	  	  
80	  
3.4.7 CO2 impact on pH in BTF 
	  
 
This section will discuss how increasing the concentration of CO2 could impact the pH in a BTF. In 
Section 2.6 of this thesis it was mentioned how the CO2 concentrations could have an influence on 
the pH levels. The CO2 is a by-product of ethanol fermentation, so understanding how CO2 levels 
in an ethanol plant impact the pH is of importance.  
 
The nutrient solution that is used in the BTF is usually buffered to a pH between 7.2-8.5. This 
range is considered optimal for microbial growth. The buffer used in this study was NaHCO3. For 
the purposes to identify how the buffer could resist the pH change in the BTF, the carbonate system 
equations discussed in Section 2.6 will be used in this section. The pH for the nutrient solution used 
for the calculations in this section is assumed to be 7.20. Using the Henderson-Hasselbalch 
equation, the concentration of the compounds of the buffer solution was obtained. Then using 
equation (10) in Section 2.6, the pH of the buffered system (after addition of CO2 to the buffer 
solution and calculating pH change) was calculated. To validate the results from equation (10), the 
Henderson-Hasselbalch was used to check the pH value at equilibrium in the buffered system.  
 
Table 3.3 illustrates the different concentrations of CO2 and how changing the buffer 
concentrations could impact the change in the pH. Three different buffer concentrations of 0.0004, 
0.0024, and 0.014 M were used to identify the effect of change of pH with increase or decrease in 
the buffer concentration. The concentration of 0.0024 M is similar to what is found in the nutrient 
solution discussed in this study in Section 3.3. The lowest concentration of 0.0004 M was used to 
identify how lowering the buffer concentration could affect the buffer capacity. The highest buffer 
concentration of 0.014 M was used to identify the effect of increasing the buffer concentration on 
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the buffer capacity in resisting the change in pH. The lowest and highest buffer values are only 
estimated values for the purpose of showing the effect of increasing and decreasing the buffer 
concentration on the pH change, while the buffer concentration of 0.0024 M is the one used in the 
BTF in this study.  
 
For the CO2 concentrations, it is important to understand how much CO2 is emitted from the 
fermentation tanks. In a personal communication with Dr. Hunter Flodman it was noted that the 
gaseous stream coming out of the fermentation tanks contains around 90% CO2, which corresponds 
to around 900,000 ppmv of CO2 (Flodman, H., 2020). The concentration of CO2 in the atmosphere 
is 412 ppmv (NASA, 2019). The range of CO2 concentrations chosen for the calculations in Table 
3.3 started in the range of atmospheric CO2 concentration (500 ppmv) and reached the highest value 
at 900,000 ppmv, which corresponds to values of CO2 concentrations expected at ethanol plants.   
 
Table 3.3 Influence of CO2 concentrations on pH 
CO2 Concentration 
(ppmv) 
Buffer Concentrations (M) 
0.0004 M 0.0024 M 0.014 M 
500 
7.08 7.18 7.20 
10,000 
6.58 6.91 7.13 
50,000 
6.41 6.61 6.94 
90,000 
6.39 6.52 6.83 
100,000 
6.38 6.51 6.81 
500,000 
6.36 6.39 6.53 
900,000 
6.35 6.37 6.46 
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It can be observed from Table 3.3 that as the concentrations of CO2 increases, the pH decreases as 
expected. However, the drastic increases in CO2 concentrations do not drastically lower the pH at 
different buffer concentrations. It was also observed that at higher buffer concentrations the 
resistance of the buffer to the pH change after is higher. At the lowest buffer concentration of 
0.0004 M, the resistance of the buffer was lower, however it still does not drop to acidic pH at 
higher CO2 concentrations.    
 
 Table 3.3 only shows how changing the CO2 concentrations could affect the pH in a carbonate 
system; however there are several other considerations need to be investigated to identify exactly 
how the pH changes along the BTF bed depth. Mass transfer coefficients of CO2 need to be 
obtained to understand the how CO2 gets transferred into the liquid phase, and identify the 
concentration of both the buffer and CO2 at equilibrium. Additionally, the packing materials in the 
BTF bed also impact the mass transfer coefficients, so studies need to be conducted for different 
packing materials as well. Results from Table 3.3 indicate that having high CO2 concentrations is 
not going to be an issue when implementing a BTF at an ethanol plant facility.    
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3.6 Conclusion  
 
 
Replacing the scrubbers and RTOs with BTF to control VOC emissions at ethanol plants is feasible 
for fermentation tanks and DDGS dryers’ emission streams. Both the mesophilic (25°C) and the 
thermophilic (60°C) BTFs have successfully biodegraded formaldehyde fumes with high removal 
efficiency at concentrations typical at ethanol plants. The highest recorded elimination capacity 
was 60.0 g m-3 h-1. Methanol was also effectively biodegraded at both mesophilic and thermophilic 
conditions. The highest elimination capacity for methanol was 13.0 g m-3 h-1. Formaldehyde 
polymerizes and polymerization can be reduced by adding NaOH to pH levels between 7.00-7.40 
with heating the solution to 60°C. Although the depolymerization method was implemented, there 
was still some polymerizations occurring making it difficult to keep the influent formaldehyde 
concentrations stable.  
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CHAPTER 4: BIOFILTRATION OF ACETALDEHYDE 
	  
4.1 Introduction  
	  
This Chapter serves as a comparison of acetaldehyde removal efficiency at three different 
temperatures. Temperatures of 20, 40, and 60 °C were investigated. This study investigated the 
removal of acetaldehyde at 40 °C, while the results from the 20 and 60°C were obtained from the 
study by (Duerschner, 2019). For this study BTF ‘A’, BTF ‘B’, and BTF ‘C’ correspond to bed 
temperatures of 20, 40, and 60°C, respectively.  
 
4.2 Experimental Apparatus 
 
The experimental apparatus used for this study is identical of the described in Section 3.2 of this 
thesis with respect to the BTF columns, nutrient solution, mass flow controllers, perpetration of 
laden air, air filters, packing material, seeding methods, syringe pump, and gas sampling. The 
difference is that Liquid acetaldehyde with 99.5% purity obtained from Acros Organics 
(Pittsburgh, PA) was used to infuse the acetaldehyde vapors and it was quantified using a gas 
chromatography/ mass spectrometry (GC/MS) instrument instead of an FTIR as described in 
Section 3.2.  
 
4.3 Results and discussion  
	  
	  
The BTFs were operated at a loading rate of 45.3 g m-3 hr-1 corresponding to a concentration of 200 
ppmv of acetaldehyde. Figure 4.1a shows the elimination capacity for each of the temperatures. The 
elimination capacities for BTFs ‘A’, ‘B’, and ‘C’ were 38.5, 44.2, and 28.5 g m-3 hr-1, respectively. 
A higher elimination capacity was observed at BTF ‘B’ in comparison to the other temperatures. 
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Acetaldehyde solubility decreases with increasing temperature; therefore, the elimination capacity 
is also expected to decrease at higher temperature (Duerschner, 2019). Furthermore, the bed seeded 
with a cooking compost slurry is expected to perform better than those prepared with activated 
sludge due to a healthier thermophilic community (Duerschner, 2019). The compost slurry would 
perform better at higher temperature since; it contains thermophilic microorganisms that thrive at 
higher temperatures. This trend suggests that thermophilic conditions are still superior to 
mesophilic conditions at the optimum temperature range. Considering these trends together may 
explain the good performance of the 40 °C bed – it was operated at a moderate temperature and 
contains a cooking compost seed.  
 
The removal efficiencies for BTFs ‘A’, ‘B’, and ‘C’ are 84.8%, 97.1%, and 60.9%, respectively. 
Figure 4.1b shows the variability of pH, Chemical Oxygen Demand number (COD), and Volatile 
Suspended Solids (VSS) with each of the operating temperatures. The pH of the effluent 
wastewater for each of the operating temperatures had some slight differences. The average 
measured pH for the influent solution was 8.53. It is expected that the pH will increase due to 
aerobic degradation of acetaldehyde (Duerschner, 2019). At higher concentration other acidic 
byproducts were formed. Their concentration was increased with elevated influent acetaldehyde 
concentration decreasing the pH of the effluent liquid (Duerschner, 2019). COD is the only source 
of effluent carbon in the liquid phase. COD composition includes microorganisms, soluble 
byproducts, and dissolved acetaldehyde. The major byproduct identified was acetate, and the COD 
contributed by acetate is of great relevance. The COD content for the 60 °C bed was observed to be 
the maximum. This is due to the low degradation within the bed. The increase in VSS suggests 
biomass growth greater than the media holding capacity. Moreover, CO2 concentration at the 
effluent was recorded at 234 ppmv in the 20°C bed. This corresponds to about half of the influent 
organic carbon is being converted to CO2. In the, 40°C bed, the CO2 effluent concentration 
	  	  
86	  
increased by 70 ppmv, despite a greater removal of acetaldehyde. The CO2 concentration in the 
60°C bed increased by 76 ppmv. It should be noted that CO2 solubility decreases significantly with 
increasing temperature suggesting lower inorganic portion in the effluent liquid at higher 
temperatures. 
 
  
(a)	   (b)	  
Figure 4.1: (a) Elimination capacity for each operating temperature. Solid line represents the 
loading rate. (b) Average pH, VSS and COD for the effluent liquid at each operating temperature. 
Error bars show one standard deviation. 
	  
4.4 Conclusion  
	  
The acetaldehyde removal efficiency at 40 °C was compared to the removal of acetaldehyde at 20 
and 60°C. The three BTFs were operated at constant influent acetaldehyde concentration of 200 
ppmv. The loading rate of influent acetaldehyde was 45.3 g m-3 hr-1. The BTF operated at 40°C 
performed better than the other two BTFs reaching an elimination capacity of 44.2 g m-3 hr-1. This 
is due to a healthier microbial culture found in BTF ‘B’.  
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CHAPTER 5: IDENTFICATION OF FORMALDEHYDE WITH VACCUM 
ASSISTED SORBENT EXTRACTION (VASE)  
	  
5.1 Introduction  
	  
This Chapter will discuss a method that was developed to quantify formaldehyde with vacuum 
assisted sorbent extraction (VASE) coupled with gas chromatography/ mass spectrometry 
(GC/MS). Through our laboratory experiments, it was not possible to directly quantify 
formaldehyde through the GC/MS. To make formaldehyde detectable in the GC/MS, derivatization 
of formaldehyde was necessary. A method that was found in the literature that quantified 
formaldehyde using a derivatization agent called pentafluorobenzylhydroxyl amine (PFBHA) to 
make the formaldehyde detectable was investigated by (Prabhu and Shelton, 2011). The method by 
(Prabhu and Shelton, 2011) was chosen for this study to quantify formaldehyde.  
 
5.2 Materials and methods 
 
5.2.1 Synthetic generation of formaldehyde in laboratory  
 
Formaldehyde was synthetically produced in the laboratory. The apparatus is identical to the one 
discussed in Section 3.3. The only difference is the preparation of the gaseous formaldehyde 
infused into the bio-trickling filter (BTF). Figure 5.1 shows the preparation of the formaldehyde 
laden air (Duerschner, 2019).  
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  Figure 5.1 Apparatus used to generate gaseous formaldehyde (Duerschner, 2019). 
 
Formaldehyde vapors are created by bubbling air through a solution of formalin maintained at the 
conditions described in Section 3.2 by Kiernan.  The solution is held in a two-liter Erlenmeyer 
flask kept airtight with a three holed rubber stopper (Duerschner, 2019). Air is delivered and 
withdrawn from the flask through two of the holes (Duerschner, 2019). The makeup formalin 
solution is delivered through the third hole. The syringe pump is used to control the flow rate at 
which the makeup formalin solution is delivered. The formalin solution in the syringes is buffered 
with a phosphate buffer and NaOH to a pH between 7.00-7.40. The two-liter Erlenmeyer flask is 
submerged in a water bath at 60 °C.  
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5.2.2 Derivatization and quantification of formaldehyde  
 
Synthetic, laboratory-generated, formaldehyde gas was first bubbled using an impinger through 30 
mL DI water. The bubbling time was chosen to be 1 min. PFBHA was added to the sample to make 
up a ratio of 1:100 of formaldehyde to PFBHA. The sample is then diluted to make up a ratio of 
1:100 of sample to DI water. A 0.1 mL of the sample is taken from the diluted solution into a 20mL 
vial.  
 
The VASE pin can extract the headspace gas sample vial by inserting the pin into the vial and the 
then creating a vacuum to enhance the recovery of low volatile compounds. The sample was then 
extracted in an agitator at 70°C and 200 revolutions per minute (rpm). The extraction time was 6 
hrs. The pin is further inserted into the GC/MS for the desorption process of the analyte. The GC 
parameters were identical to those reported in (Prabhu and Shelton, 2011). The MS parameters 
were different form (Prabhu and Shelton, 2011) as the ion monitored was 181.  
 
 
 
 
 
 
 
	  	  
90	  
5.3 Results and discussion  
 
For the experiment in the laboratory, a bubbling time of 1 minute is essential to avoid errors and 
allow enough time for formaldehyde to partition with the DI water in the impinger. Another 
parameter investigated was the extraction time in the agitator. The agitator was put at 70 °C and 
200 (RPM). Times of 6, 12, and 24 hours were investigated. Results show that a time of 6 hours is 
optimal to avoid the over-extraction that occurs for leaving the vials in the shaker for extended 
periods of time.  
 
To establish the ratios of Formaldehyde to PFBHA and dilutions, several trials have been made. 
For the formaldehyde to PFBHA ratio, at first a 1:1 ratio was picked. Results showed that this ratio 
is not sufficient enough to get the PFBHA to react with formaldehyde at a short period of time. To 
overcome the issue, 1:50 and 1:100 ratios of formaldehyde to PFBHA were tested. Results show 
that 1:100 ratios is a more sufficient ratio, since the PFBHA still reacts at different concentrations 
of formaldehyde, whereas the 1:50 ratio was not enough ratio. The dilutions were made since the 
VASE pins get oversaturated. To insure no over saturation in the VASE pins, several dilutions of 
sample to water have been investigated. The dilutions tested were 1:50 and 1:100. Results show 
that the 1:100 dilution eliminates the over-extraction in the VASE pins which results in a better 
detection of formaldehyde in the desorption process.   
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A successful calibration for formaldehyde was established as shown in Figure 5.2 for formaldehyde 
concentrations up to 10 ppmv. At concentrations beyond 10 ppmv, the PFBHA was stable indicating 
the no further reaction as shown in Figure 5.1. 
  
Figure 5.2 Response of formaldehyde at different concentrations    
 
5.4 Conclusion  
	  
To ensure the detectability of formaldehyde in GC/MS, a method of derivatization by PFBHA was 
developed. Formaldehyde was first derivatized by PFBHA then extracted using VASE to enable 
the detectability of formaldehyde. A successful calibration curve was established for the 
formaldehyde to concentrations up to 10 ppmv.    
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CHAPTER 6: CONCLUSIONS  
	  
5.1 Summary of findings  
	  
Bio-trickling filters (BTFs) are a promising replacement for CO2 scrubbers and regenerative 
thermal oxidizers (RTOs) to control hazardous air pollutants (HAPs) emitted from fermenters and 
dryers at ethanol plants. BTFs usage of water is less than CO2 scrubbers and BTFs do not require 
the use of chemicals as CO2 scrubbers do. Additionally, RTOs require natural gas for their 
operation however; BTFs do not require natural gas. The usage of water and the natural gas can be 
costly, so if ethanol plants decided to go with BTFs as a control technology that will save costs on 
their operations.  
 
This study evaluated the formaldehyde biodegradability in a BTF. Two BTFs were operated in 
parallel. One BTF was at 25 °C called the mesophilic BTF and the other BTF operated at 60 °C 
called the thermophilic BTF. The mesophilic BTF simulates emissions from the fermenters, while 
the thermophilic BTF simulates emissions from the dryers. The highest recorded elimination 
capacities for both the mesophilic and thermophilic BTFs were 60.0 and 42.0 g m-3 h-1, 
respectively. Additionally, formaldehyde polymerization was successfully reduced by buffering the 
formalin solution used by a phosphate buffer and NaOH to pH levels between 7.00-7.40 with 
heating the solution to a temperature of 60°C.  
 
Formaldehyde and methanol co-exist in the formalin solution used in this experiment. 
Formaldehyde accounts to about 37% of the formalin solution, while methanol accounts to about 
10%. Due to that fact, methanol biodegradation was also investigated in this study. The highest 
	  	  
93	  
recorded elimination capacities for both the mesophilic and thermophilic BTFs were 13.0 and 11.3 
g m-3 h-1, respectively. 
 
Acetaldehyde biodegradation in a BTF was compared between three temperatures of 20, 40, and 
60°C. The 40°C BTF showed a better performance in comparison with 20, and 60°C BTFs. The 
elimination capacities for the 20, 40, and 60 °C BTFs were 38.5, 44.2, and 28.5 g m-3 h-1, 
respectively. The performance of the BTF at 40 °C is explained by the presence of a healthier 
thermophilic bacterial community, which improved the performance.  
 
A method was developed to detect formaldehyde in GC/MS. Formaldehyde was first derivatized by 
PFBHA then extracted using VASE and detected using GC/MS. A successful calibration curve was 
established for formaldehyde to concentrations up to 10 ppmv.  
 
5.2 Recommendation for future work  
	  
 
For future work, the study of a mixture of HAPs in a lab pilot-scale column will help to solidify 
this work and convince the ethanol plants to implement BTFs in their facilities. The mixture could 
include acetaldehyde, formaldehyde, methanol, and ethanol. This will give an idea on the 
biodegradability of these mixtures and how that could affect the biodegradability. The 
concentrations of these mixtures should start at concentrations typical at ethanol and then increased 
in a step-wise manner.  
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For future work also, it is necessary to understand how the concentrations and flows of HAPs at 
ethanol plants vary. Several ethanol plants have CEMS installed, which if allowed is necessary to 
obtain these data to understand how flows and concentrations change with the process. 
Understanding how the concentrations vary is necessary in determining the design of the BTF. 
Additionally, if the flow rates change greatly this will affect the mass transfer in the BTF affecting 
its performance. Therefore, a more in depth investigation is needed before implementing the BTFs 
in the ethanol plants. Having monitoring systems through the process to monitor flow rates, and 
concentrations of HAPs and CO2 will help us understand how the performance of the BTF could be 
impacted and how to help prevent the drop in performance. Furthermore, it will help in 
characterizing the HAPs.  
  
Another interesting idea is installing a pilot apparatus at the ethanol facility could help evaluate the 
dynamics of treatment for the actual emissions from the ethanol plant. This study is of importance 
to understand how the actual plant operations could affect the biodegradability of HAPs. Certain 
shutdowns might occur in the ethanol plants, so it is interesting to see how would that affect the 
operation of the BTF.   
 
Other interesting observation to investigate is the biodegradation of the major HAPs emitted at 
ethanol plants at acidic. It is evident that CO2 could affect the pH levels in a BTF. Understanding 
how the performance of a BTF could be affected by a change in pH is of interest, as it will allow 
determining the optimal pH range to treat these emissions.  
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Future work could also include the identification of mass transfer coefficients for CO2 in a BTF 
using the Kramser equation. It is important to understand how the pH could change through the bed 
depth of a BTF when CO2 emitted from the fermentation tanks gets introduced to the BTF. Getting 
a mass transfer rate for CO2 throughout the bed will allow us to see how the concentrations of CO2 
could differ along the bed of the BTF, resulting in the change of pH. However, limited information 
is available regarding these mass transfer rates, which is why it requires further in depth 
investigations.  
 
Other things to investigate in the future are the microbial cultures found along the BTF. This will 
allow us to identify the major microbial species found in the BTF that are responsible for the 
biodegradation. This is especially interesting when studying mixtures of HAPs to identify which 
microbial species are specifically responsible for biodegrading each HAP. Samples could be taken 
from the BTF and kept frozen to identify the microbial cultures later on.  
 
More investigation is needed as well to the dervatization of formaldehyde. More in depth look is 
needed to allow establishing calibration curves at higher concentrations of formaldehyde. This 
study was only able to establish calibration curves up to 10 ppmv.  
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APPENDIX A: OPERATING PROCEDURE 
 
A1 Preparation of Formaldehyde Solutions 
	  
In Chapter 3.2, the formalin solution (37% formaldehyde, and 10% methanol) was used to 
infuse both formaldehyde and methanol vapors using a syringe pump to the bio-trickling 
filter. The solution contained in the syringes contains 10% formalin. Since formaldehyde 
polymerizes NaOH and heating of the solution was required to reduce the polymerization.    
 
The operating procedure for the preparation of 10% (by volume) formaldehyde solution is: 
1. Measure 100 mL of formalin solution. 
2. Measure 900 mL of deionized water. 
3. Mix the formalin solution with the deionized water to create a 10% by volume 
formalin solution in a glass container. Make sure to mix the solution in a fume 
hood to avoid eye irritation by fumes from formalin solution.  
4. Add about 2-4 mL of phosphate buffer to the solution to get the solution to pH 
around 6-6.5.  
5. Add about 2-4 mL of 1 M NaOH solution to the formalin solution to get the 
formalin solution to pH around 7-7.4.  
6. Heat the glass container to temperature of 60°C in water bath and leave the 
container heating overnight.  
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A2 PCR testing  
	  
PCR tests are important to identify the type of microbial cultures found in the BTF. These tests will 
allow us to identify which microbial cultures are responsible for biodegradation of pollutants. Since 
we were not able to perform the tests in the time of operation several samples were frozen.  
 
The following is a procedure on how to freeze the samples from the BTF:  
1. Make sure to wear proper PPEs (gloves) before obtaining samples.  
2. Take three diatomaceous earth pallets from depths of 4.5 inches (11.4 cm), 22.5 inches 
(57.2 cm), and 36 inches (91.4 cm). The samples should be taken from both mesophilic and 
thermophilic BTFs.   
3. Each three pallets were kept in a vial. A tape was put in the vial to indicate the 
concentration and the condition at which the pallets were taken. The vials were then frozen. 
4. All samples were labeled with the depth they were taken from and the phase of operation.  
5. Samples were obtained after the end of each phase of operation.  
6. All samples were frozen in the freezer located in the Scott Engineering (SEC) 346 
laboratory.  
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A3 Table describing condition and location of vials with pallets  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 
 
 
 
 
 
Phase Depths (inches)  Location  
Mesophilic 
II 4.5, 22.5, and 36  SEC 346 freezer  
III 4.5, 22.5, and 36 SEC 346 freezer 
Thermophilic 
II 4.5, 22.5, and 36 SEC 346 freezer 
III 4.5, 22.5, and 36 SEC 346 freezer 
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APPENDIX B: SUPPLEMENTAL MATERIAL 
	  
 Table B1:  Composition of Nutrient/Buffer Solution 
Compound 
Formula 
Weight 
(g/mol) 
Concentration in 
Stock Solutions 
Concentration in 
Nutrient Solution 
Stock Salts  (mg/L) (mg/L) 
(NH4)6Mo7O24·4H2O 1236 68 0.03 
Na2B4O7·10H2O 381 45 0.02 
NiCl2·6H2O 238 90 0.04 
MnCl2·4H2O 198 158 0.07 
CoCl2·6H2O 238 90 0.04 
ZnCl2 136 113 0.05 
CuCl2·2H2O 170 67 0.03 
MgCl2·6H2O 203 8,126 3.60 
CaCl2·2H2O 147 2,212 0.98 
KHSO4 136 13,589 6.02 
    
Ferric Chloride Stock  (g/L) (mg/L) 
FeCl3 162 39.1 6.25 
    
Spike Solution  (g/L) (mg/L) 
NaNO3 85 49.5 495 
NaH2PO4·H2O 138 12.4 124 
    
Buffer Solution  (g/L) (mg/L) 
NaHCO3 84 17.7 202 
    
Vitamin Solution  (mg/L) (µg/L) 
p-Aminobenzoic Acid 137 10.0 1.14 
Biotin 244 3.95 0.45 
Cyanocobalamin (B12) 1355 0.18 0.02 
Folic Acid 477 3.95 0.45 
Nicotinic Acid 123 10.0 1.14 
Pantothenic Acid 477 10.0 1.14 
Pyriodoxine HCl 206 20.1 2.29 
Riboflavin 376 10.0 1.14 
Thiamin HCl 337 10.0 1.14 
Thioctic Acid 206 10.0 1.14 
 
